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Abstract 
Much progress has been made in the development of active silicon opto-electronic 
devices over the last 15 years. This is primarily due to the widely accepted belief that 
the fi·ee carrier effect is the most efficient optical modulation and switching 
mechanism in silicon, along with the potential advantages of combining optical and 
electronic devices onto a single silicon substrate rather than using discrete 
components. A study of the scientific literature shows that whilst numerous devices 
have been reported, few have been seriously optimised. In the literature, devices have 
consisted primarily of two or three terminal devices based arotmd a rib waveguide. 
The tlu-ee terminal devices are fewer in number but generally perfom1 better. 
Conversely, two terminal devices have received a little more attention in terms of 
producing faster devices. Therefore, this work provides an in depth analysis of the 
performance of p +-i-n+ diodes when configured as opticaltnodulators, with the aim of 
improving both the device DC and transient performance characteristics. The primary 
DC performance characteristic is the current required to achieve a given phase change 
and the transient performance characteristics are measured in terms of the device rise 
and fall times. These characteristics have been studied with variations in geometrical 
and fabrication based paratneters such as the position and doping concentration of the 
contacts, the aspect ratio of the rib waveguides, and the overall dimensions. 
The key result from the modelling is that the most efficient tnulti-micron size device 
is a three terminal device with high doping concentration, constant doping profiles 
and large diffusion depth doped regions located close to the rib edge. A theoretical 
device of this nattu·e required a ctu·rent of only 2.7tnA for a 1t radian phase shift with 
rise and fall times of 22ns and 2ns respectively. The best previously achieved was a 
device which theoretically required 4mA for a 1t radian phase shift. Additionally, by 
including isolation trenches on either side of the doped regions the DC performance 
characteristics can be further improved by up to 74%. There are also advantages in 
reducing the dimensions of the devices to 1 micron or less. At these dnnensions the 
DC and transient performance characteristics are unproved by more than a further 
order of magnitude, hence requll-ing fi·actions of I rnA for a 1t radian phase shift. 
Two of the most promising designs have been fabricated and experimentally analysed. 
Due to fabrication constraints the most efficient device was not fabricated. However, 
both two and three terminal devices were fabricated. The best device tested 
experimentally was a tln·ee tetminal device that required a current of 14mA for a 
1t phase shift. The modelling and experimental results agree well therefore validating 
the modelling. Therefore we can be confident that the additional theoretical results for 
devices that could not be fabricated are reliable, and hence significant ftuther 
improvements could be made by fabricating these devices. Likely roles for these types 
of devices are medium bandwidth modulators/switches and a variety of sensor 
applications. 
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Chapter 1 
Introduction 
The development and miniaturisation of silicon based electronic components has 
progressed since the production of the ftrst solid state electronic devices to the stage 
that silicon is by far the most widely understood and used material in the 
semiconductor electronics industry today. However, the development of silicon based 
optoelectronics - the merger of optical and electronic components on a single 
substrate - has occurred at a more pedestrian pace. Silicon was not even considered 
suitable for active optoelectronic devices until as recently as the 1980's. The main 
issue that has hindered the development of silicon as an optoelectronic material is that 
unlike popular optoelectonic materials such as gallium arsenide or lithium niobate, 
silicon does not possess a first order electro-optic effect. At first sight this may appear 
to restrict the usefu.Iness of silicon as an optical material, but this is not the case. One 
method, the free carrier effect, has been shown to be a viable alternative to the 
electro-optic effect in silicon. The free carrier effect results from the polarisability of 
free charge carriers, which induce a phase delay I attenuation of an optical mode and 
therefore can be utilised to modulate an electromagnetic wave propagating in silicon. 
This offers many advantages. For example, silicon based monolith optoelectronic 
systems offer reduced resistance, reduced capacitance and reduced size over an 
optoelectronic system consisting of discrete electronic and optical components. The 
other main advantage is that silicon's technology in the semiconductor electronics 
industry is mature. Combining these advantages with the ability to overcome the lack 
of electro-optic and the future developtnent of silicon as a major player in the 
optoelectronics field is certain. 
To date a number of silicon modulators and switches have been proposed I fabricated 
that operate by the free carrier effect. These devices usually consist of an active 
device integrated in a waveguide structure. On forward biasing of the active device 
(often a p+-i-n+ diode) free carriers are injected into the intrinsic waveguiding region 
and therefore any propagating electromagnetic mode in the waveguide will be 
subjected to phase and atnplitude modulation by the free carrier effect. Research has 
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shown that a simple p +-i-n+ diode integrated in a multi-micron sized rib waveguide 
operates as a relatively efficient modulator. However, even though a number of novel 
tnodulators and switches have been proposed and fabricated there has been relatively 
little research in improving the efficiency of the active p+-i-n+ diode when configured 
as an optical modulator. The main objective of this thesis is such an investigation. 
Overall the aim of the thesis is to improve the device DC and transient performance. 
For example, what type of p+-i-n+ region will offer the greatest phase change for a 
given current or exhibit the fastest switching tunes? The starting reference structure 
for the ii1vestigation was a p+-i-n+ diode of a fixed geometry and size. Initially, 
proposed changes were made to the p+-i-n+ diode region itself, which was integrated 
into a fixed multi-micron dimension SOl rib waveguide. The rib dimensions were 
chosen so that the waveguide was single n1ode. Changes to the p+ and n+ doping 
concentrations, doping profiles, window separations and the number of p + and n + 
regions were investigated by computer modelling. The individual parameters were 
varied based on what was practically possible. For example, the value of the highest 
doping concentration modelled was near to the practical limit for silicon and 
subsequent modelling involved reducing the concentration by steps of one order of 
magnitude. Likewise, the doping windows were modelled first at the rib edge and 
then remodelled at equal distance lateral steps away from the rib edge of 2Jlm. Next 
variations of the rib stn1cture were modelled. For example, changes to the size of the 
rib and the inclusion of isolation trenches adjacent to the rib were investigated. First 
the rib was modelled with the original dimensions then re-scaled by a factor of two 
and remodelled. This was repeated by re-scaling the rib a further time by a factor of 
two. The next set of modelling investigates device performance as a result of varying 
the electrical characteristics such as biasing. 
Some of the more promising designs were then fabricated and experimentally tested. 
Originally all devices were to be fabricated by Bookham Technology and indeed three 
terminal devices were fabricated by Bookham Teclmology. However, it was shown 
that device performance improves considerably as a result of heavily doped p + and n + 
regions with constant doping profiles it was decided to also fabricate this type of 
devices. Unfortunately, Bookham Technology's fabrication process could only 
produce devices with gaussian doping profiles and there was no facility available to 
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specify the p + and n + doping concentrations. Therefore it was decided that this was 
such an important result that an experimental evaluation of these devices should take 
place. Hence devices with n + and p + constant concentration profiles were fabricated 
by the author at the University of Surrey using ion implantation. Although there were 
expernnental constraints that restricted the fabrication of the very best designs, 
importantly the modelling results were validated by the expernnental results. This 
means that 1nodelling confidence has been achieved. 
The thesis continues with a review of the published literature in terms of passive 
silicon optical waveguides (chapter 2) and active silicon base optical devices (chapter 
3). Then chapter 4 describes the modelling procedures, the devices modelled 
including the changes made and a discussion and analysis of the modelling results. 
Two sets of devices were fabricated based on the results fro1n chapter 4. A description 
of the fabrication methods (chapter 5), experimental techniques (chapter 6) and the 
experimental results (chapter 7) for these two sets of devices follow. Chapter 8, the 
penultimate chapter is an overall summary with conclusions and the fmal chapter lists 
the references used throughout. 
3 
Chapter 2 
Literature review 1: Silicon based passive optical 
waveguides 
2.1 INTRODUCTION 
Silicon is the dominant material used in to days electronics industry. Many factors 
contribute to silicons leadership role. For example, large diameter high purity silicon 
wafers can be produced at low cost, silicon has an electrically well behaved surface oxide 
and the electronics industry can rely on a tnature device technology that has evolved over 
the last four decades. Although silicon dominates the electronics industry, its role in the 
optics industry has been relatively minor and for n1any years silicon was used only as a 
substrate material for a variety of guided wave structures. 
There are two main drawbacks of using silicon for optoelectronics applications. The first 
is that silicon, due to its centrosymmetric crystal structure exhibits no linear first order 
electro-optic (Peckel's) effect (although less efficient higher order electro-optic effects do 
exist). Optoelectronic applications such as modulation and switching require a 
mechanism to change the refractive index of the waveguide. Recently researchers have 
looked at altetnative methods of achieving modulation in silicon. Methods that have been 
studied include carrier injection or carrier depletion, electro-refraction, electro-absorption 
and higher order electro-optic effects. 
The second major drawback of silicon for optoelectronics applications is that silicon - to 
date - is an inefficient light source. The most efficient tnechanism for semiconductor 
light production results from direct (radiative) transitions between free electrons and 
holes. Silicon is an indirect bandgap setniconductor tnaterial and hence such transitions 
are forbidden. Direct bandgap semiconductors such as III-V materials - gallium arsenide 
(GaAs), gallium aluminiutn arsenide (GaAIAs) and indium phosphide (InP) are the 
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preferred materials for photoluminensense devices. At present silicon based light sources 
have low efficiencies and although research into ideas such as novel superlattice and 
quantum dot sttuctures may lead to an efficient silicon light source, for the near future 
III-V materials are likely to continue to lead the way in this field. Research in silicon 
photoluminescence is an interesting subject but is beyond the scope of this work. 
In spite of these limitations, there continues to be considerable interest and research in the 
use of silicon in optoelectronics. There are a number of potential advantages that would 
result for a device that combines optical and electronic cotnponents in a single silicon 
substrate. Advantages include reduced capacitance, lower driving power and faster 
switching speeds. Even though much more research in this area is required before the full 
potential of silicon based optoelectronic applications can be realised; the technology has 
developed to the stage that at least one company is marketing a range of silicon 
optoelectronic devices [2 .1]. 
A survey of the published literature shows that early efforts were based around 
fabricating passive low loss optical con1ponents in silicon based materials. These 
components included optical waveguides, y-junctions and NxN structures. After suitable 
low loss waveguiding sttuctures were developed, attention turned to research and 
development of silicon active devices such as n1odulators and switches. The following 
two chapters present a review of the published literature in the field of silicon infrared 
passive and active components. This chapter reviews the theory and progress made thus 
far regarding passive silicon cotnponents. Chapter 3 is a review of the progress tnade so 
far developing active silicon components. 
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2.2 WAVEGUIDE LOSSES 
2.2.1 Introduction 
One impottant characteristic that a waveguide material generally must possess to be a 
useful tnaterial is the ability to sustain low loss waveguiding. There are a number of 
different ways the loss of a waveguide can be characterised. In the following section the 
loss parameters used through this report will be described. 
2.2.2 Loss definitions 
The propagation loss for a semiconductor waveguide is a measure of the total loss 
experienced when light travels through the waveguide. The propagation loss is equal to 
the sum of any scattering, absorption and radiation losses present in the waveguide. The 
relative contributions of scattering, absorption and radiation losses depend upon a number 
of factors. For example, scattering loss usually predominate in glass or dielectric 
waveguides, absorption losses are tnore important in semiconductors and other crystalline 
materials while radiation losses become significant when waveguides are bent through a 
curve. For a given waveguide geometry, the propagation loss cannot significantly be 
reduced without either improving the quality of the tnaterials involved or their interfaces. 
An important loss figure determined when measuring waveguide losses is the insertion 
loss. The insertion loss of the waveguide is the optical power loss resulting from inserting 
the waveguide into an optical system, and therefore includes losses such as those 
resulting from coupling inefficiencies. When determining the propagation loss of a 
waveguide, difficulties often arise in distinguishing between genuine propagation loss 
and additional losses resulting from the insertion process. 
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2.2.3 Waveguide loss measurement techniques 
There are a number of methods, which may be used to evaluate the optical losses of 
integrated optical waveguides [2.2]. Four popular methods used are prism coupling, 
collection of scattered light, Fabry-Perot cavity technique and direct cut back technique. 
The method of prism coupling allows n1ode selectivity. This can be obtained by varying 
the angle of incidence to the prism. One disadvantage of this method is the requirement 
of constant coupling conditions, which can be difficult to achieve in practice. Another 
potential disadvantage is that the refractive index of the prism coupler must be greater 
than that of the guiding layer in order to achieve phase matching. For a guiding layer 
such as silicon (n ｾ＠ 3.5) it is difficult to obtain a material with a high enough refractive 
index to act as the coupling prism. 
The method of scattered light collection involves collecting scattered light from the 
surface of the waveguide under investigation. This method assumes the presence of a 
uniform distribution of scattering centres in the waveguide, and that the scattered light is 
proportional to the intensity of the propagating light. A probe then scans the length of 
guide collecting scattered light at given positions along the guide. A disadvantage of this 
technique is that it is difficult to know when the probe has collected all of the scattered 
light. 
The Fabry-Perot technique is most appropriate for semiconductor waveguides of high 
refractive index in which the input and output facets inherently have a high reflectivity. 
The measurements are made by driving the waveguide through a series of Fabry-Perot 
resonances, and comparing the maximutn and minimum transmitted intensities. This can 
be achieved in a number of ways. These include varying the cavity length (e.g. thermally) 
or varying the wavelength of a DFB laser. This method has a number of complications. It 
requires constant input power and a laser of sufficiently narrow linewidth to be able to 
resolve the Fabry-Perot response. This tnethod is clearly better for low loss devices since 
more light is reflected at each interface. 
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The direct cut back method is perhaps the simplest technique available to determine the 
propagation loss. The output power of the optical system is measured with the waveguide 
present and then the same measurement repeated but without the waveguide present. The 
insertion loss is related to the ratio of these two output power values. The measurement is 
repeated for a series of guiding lengths and providing the coupling losses are constant a 
plot of insertion loss against guiding length will yield the waveguide propagation loss. 
Alternatively an estimation of any coupling losses can be subtracted from the insertion 
loss resulting in the device propagation loss. This method has advantages of ease of use, 
although errors 1nay arise due to changing coupling conditions fro1n one measurement to 
the next. 
2.3 PASSIVE SILICON STRUCTURES 
2.3.1 Introduction 
It is reasonable to expect that optical waveguides will play an important part in integrated 
silicon optical devices I electronic devices. Silicon has a band gap of 1.1 e V, which 
equates to an optical wavelength of ＺＺＺＺＺＱＮＱＲｾｭＮ＠ Figure 2.1 illustrates a plot of absorption 
versus propagating wavelength for silicon at 300K [2.3]. 
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Figure 2.1 - Graph showing optical abso1:ption against optical wavelength for pure 
silicon [2.31. 
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It can be deduced from figure 2.1 that is theoretically possible to fabricate low loss 
silicon waveguides that operate in the infrared region of the electromagnetic spectrum 
( -> l.l2J..Lm). This is indeed the case and in this chapter we will describe the efforts made 
by authors attempting to achieve this goal. 
2.3.2 Silicon based waveguides 
Recently, many different varieties of silicon based optical waveguides have been 
proposed and studied. The following section describes and illustrates some of the 
structural designs investigated. All of the waveguides structures described are either 
silicon or silicon based. One such waveguide is a silicon-on-silicon waveguide, in which 
a layer of low doped silicon is formed on top of a highly doped silicon substrate (figure 
2.2(a)). The silicon substrate will have a lower refractive index than the top layer. 
Another variety of silicon based waveguide sttucture is illustrated in figure 2.2(b ). This 
waveguide consists of a silicon layer sandwiched between two layers of Si02 • 
Waveguiding is possible as Si02 has a tnuch lower refractive index (n ｾ＠ 1.45) than silicon 
(n ｾ＠ 3.5). For these waveguides the substrate is usually silicon. Figure 2.2(c) illustrates 
waveguiding in silicon with an insulating layer such as oxide or sapphire as the lower 
cladding region. These waveguides are tern1ed silicon-on-insulator (SOl). The large 
refractive index difference between the cladding regions and the silicon guiding region 
results in strong confinetnent of the propagating optical mode. 
The waveguides discussed so far have all been based on silicon guiding layers. Two 
materials that are popular as guiding layers on a silicon substrate are germanium and 
silicon-germanium (SiGe). Since getmanium and SiGe alloys have larger refractive 
indices than silicon and therefore when a layer of germanitnn or SiGe is deposited onto 
silicon a waveguiding structure is fonned. Figure 2.2( d) illustrates this type of 
waveguide. Unfortunately there is a 4% lattice constant mistnatch between silicon and 
getmanium resulting in a strained layer waveguide. A variation of this schetne involves 
diffusing getmanium into a silicon substrate to act as a guiding layer. 
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Figure 2.2 - Four types of silicon based waveguide structures. 
2.3.3 Initial attempts at fabrication of silicon waveguides 
The first optical waveguides in silicon were proposed and fabricated by Soref and 
Lorenzo in 1986 [2.3]. These epitaxial silicon-on-silicon waveguides utilise the property 
that free carriers depress the refractive index of silicon. Thus a lightly doped layer of n 
silicon epitaxially grown onto a heavily doped n+ silicon substrate ensures that the 
epitaxially grown layer acts as a waveguiding layer. The authors grew epitaxial layers 
between 7 and 43Jlm, doped at a level of the order of 1x1014 cm-3• The substrate doping 
was between 1x1018 and 1x1019 cm-3• Measured propagation losses were 5-13 dB/em for 
slab waveguides and 15-20 dB/em for rib guides. Losses of this order are too high for 
most practical applications. The losses were attributed to the quality of the silicon 
material, and hence improvements in the silicon fabrication process would result in 
reduced propagation losses. 
10 
This was the case in 1994 when Splett and Petermann were able to demonstrate much 
lower losses for epitaxial silicon-on-silicon waveguides [2.4]. Single-mode rib 
waveguides with large cross-sections (the thickness of the waveguiding region was 
20J.Lm), were fabdcated and tested. The resulting measured losses were 1.5dB/cm at 
wavelengths of 1.3J.Lm and 1.55J.Ltn. These are the lowest recorded losses for this type of 
waveguide to date. 
2.4 SILICON-ON-INSULATOR (SOl) WAVEGUIDES 
2.4.1 Introduction 
Optical waveguides formed in good quality SOl material provide strong optical 
confinement and hence low propagation losses. This is one of the reasons why SOl 
material was chosen as the starting material for fabrication of devices for this project. The 
strong optical confinement results from the large refractive index difference between 
silicon (n::::: 3.5) and SiOz (n::::: 1.45) and between silicon and air (n = 1.0). The remainder 
of this section will desctibe the different SOl fabrication methods and the initial attetnpts 
by various authors to fabricate SOl waveguides. 
2.4.2 SOl fabrication 
SOl wafers to be used in the fabrication of optical devices can be produced by a number 
of different methods including separation by implantation of oxygen (SIMOX SOl) [2.5], 
bond and etched (BESOl) [2.6] and UNIBOND SOl [2.7]. 
SIMOX SOl wafers are formed by implanting a high dose of oxygen ions (often 
>1018cm-2) at energy of> 150keV into silicon wafers. The wafers are then annealed at 
high temperature (:::::1300°C) for about 6 hours. This process results in a buried Si02 layer 
typically of the order of 200nm thick, and a crystalline surface layer of a similar 
thickness. Following annealing the surface silicon is epitiaxially grown to the required 
thickness. SIMOX SOl wafers were used to fabticate the devices for this project. 
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BESOl involves fabricating a permanent bond between oxidised silicon wafers followed 
by etching of the wafer. The process allows freedom to define the thickness of the silicon 
layer and the thickness of the buried oxide, although in early wafers the silicon film had 
non-satisfactory thickness homogeneity. The buried Si02 layer is typically of the order of 
a 1nicro1neter in thickness. More recently, in 1995, B1uel proposed a novel process to 
fabricated SOl wafers [2.7]. This method combined the processes of ion implantation and 
bonding to fonn UNIBOND SOl wafers, by a technique known as SMART-CUT. 
Zinke et al in 1993 compared the quality of the Si:Si02 intelface of SOl wafers fabricated 
by BESOl and SlMOX SOl methods. The authors showed that the interface quality is 
independent of the fabrication procedure, and with the correct dimensions, they are both 
suited to waveguiding [2.8]. However, SIMOX SOl requires implantation at an 
energy> 150keV and an anneal at a temperature of approximately 1300°C for 6 hours, in 
addition to the epitaxial growth needed to increase the thickness of the silicon to a useful 
din1ension. BESOl requires grinding and a precise etch or polish to reduce the thickness 
of the device wafer to a few microns. Con1pared to SlMOX SOl, BESOl allows more 
freedom in defining the thickness of the oxide buried layer and the silicon surface layer, 
but the BESOI technique makes this thickness harder to control. Masazara reported that 
the structural quality of a BESOI silicon layer was superior to that of the best reported 
SlMOX SOl films, with only 102-103 defects/cm2 [2.9]. 
2.4.3 Development of low loss SOl waveguides 
The realisation that SOl waveguides could play a n1ajor part in silicon optoelectronics 
resulted in a significant amount of research designed to produce low loss SOl waveguide 
stiuctures. In the following section we will review the efforts made in pursuit of this goal. 
The first reported loss measurements for guided modes in BESOl optical waveguides 
were made by Evans et al in 1991 [2.10]. The waveguide was multi-n1ode and light was 
coupled into the waveguide via a grating coupler. The use of a grating coupler enabled 
the authors to obtain propagation loss measure1nents for individual modes. Loss 
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measurements were recorded for TE0, TE1 and TM0 guided tnodes. The lowest losses 
recorded were 2.6dB/cm (TE0) and 2.0dB/cm (TM0) at a wavelength of l.3J..Lm. These 
ftrst initial results provided evidence that the fabtication of low loss waveguides is 
possible in SOl material Much improved propagation losses of SOl optical waveguides 
fotmed by BESOI were obtained by Reed et al [2.11]. The authors determined the 
propagation loss for both TE and TM polarisations at wavelengths of 1.15J..Lm and 
1.52J..Ltn. The lowest loss of 0.27 dB/em was for a waveguide with a guiding layer of 
7.1J..Lm using a TE polarised input beam at a wavelength of 1.52J..Lm. Insertion loss 
tneasurements were made using an end fire coupling method. The waveguide propagation 
loss was calculated from the insertion loss after accounting for the Fresnel reflection loss 
at the two end faces and assuming 100% tnode overlap between the laser and waveguide 
tnode patterns. The results confirn1ed that BESOI is a viable means of producing low loss 
waveguides in silicon. 
Early evidence of low propagation losses for SIMOX SOl waveguides structures was 
provided by Weiss et al in 1991 [2.12]. They obtained a propagation loss of 8dB/cn1 for 
SOl planar waveguides. Later, improved loss results were obtained by Emtnons et al in 
1992 [2.13]. Etmnons obtained theoretically and experhnentally propagation loss values 
for SIMOX SOl waveguides. The experimental results agreed well with the theoretical 
results and they demonstrated that it was possible to produce SIMOX SOl waveguides 
with propagation losses of less than 1 dB/em. The optical loss of UNIBOND SOI 
waveguides was reported for the first time by Ang et al [2.14]. The authors used planar 
waveguides with 1.14J..Ln1 thick silicon films, buried Si02 layers of 0.67J..Lm thickness and 
they measured a propagation loss of only 0.15 dB/ctn for TE polarisation at a wavelength 
of 1.3J..Lm. 
An experimental study of the effect of variations in the thickness of the silicon guiding 
layer on the propagation loss for planar SIMOX SOl optical waveguides was studied by 
Reed et al [2.15]. The thickness of the silicon guiding layer varied between 0.57J..Lt11 and 
6.0J..Lm. The authors also conducted a study on the effect of the variation in the thickness 
of the insulating oxide layer. The thickness of the buried oxide layer was varied between 
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0.07j.ltn and 0.46j.lm. Optical measurements were made at wavelengths of 1.52j.lm and 
1.15j.ln1 for TE and TM polarisation using the end fire coupling technique. The results are 
shown in figure 2.3. The lowest recorded propagation loss (0.4dB/cm) was for a guiding 
layer thickness of approxin1ately 4j.ln1, at a wavelength of 1.52j.lm. For a guiding layer of 
thickness 7J.tm the optical loss was equal to ldB/cm. For buried oxide layers with 
thickness of less than 0.4j.ln1, coupling of the optical n1ode to the substrate increases. The 
authors also investigated the loss properties of Iibs fabricated in <111> silicon, and 
suggested that the propagation loss may be even lower that in a <1 00> substrate. The 
results suggested that a minimum buried layer of 0.4Jlin is required to prevent significant 
coupling of the propagating optical1node to the substrate. 
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Figure 2.3 - Graph of optical propagation loss against thickness of the buried oxide layer 
for SIMOX SOl waveguides [2.151. 
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The effect of the thickness of the buried oxide layer on propagation loss in planar optical 
waveguides formed in SIMOX SOl structures was also studied by Kurdi et al [2.16]. 
They theoretically examined the waveguiding properties of the buried oxide. The authors 
showed that the silicon layer could function as an optical waveguide with acceptable 
losses ( <1 dB/cn1 at 1.3J!m) even for a Si02 layer with a thickness of only a few tenths of 
a micrometer. This is an hnportant result as there is a practical limit to the thickness of 
the buried oxide layer when formed in this manner. Hence, the tnodelling work 
concluded that it was possible to develop low loss optical waveguides in SOl structures 
with thin Si02 layers. 
Fischer et al in 1996 experimentally measured the propagation loss of SOl waveguides 
fonned by refractive ion etching [2.17]. The end face of the samples had an antireflection 
ShN4 coating and the waveguides are additionally tapered in order to reduce field 
mistnatch losses. The field mismatch losses are 0.17dB/facet and the Fresnel losses after 
anti-reflection coating are around O.ldB/chip. This gave a waveguide propagation loss of 
0.5dB for a satnple of length 60mn1, hence yielding pure waveguide losses of less than 
O.ldB/cm. 
2.4.4 Summary of loss measurements on SOl wafers 
Low loss waveguides can be fonned in SOl material. Methods of fabricating SOl 
waveguides include ion-implantation (SIMOX SOl) and bonding (BESOI and 
UNIBOND SOl). All three methods produce good quality SOl material suitable for 
waveguiding. A buried oxide layer of thickness equal to 0.4J!m is sufficient to prevent 
substantial radiation of the optical mode in the substrate. Losses as low as O.ldB/cm at a 
wavelength of A=l.3J!m were reported by Fischer et al for single-mode SOI rib 
waveguides fabticated using the BESOI process [2.17]. 
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2.5 LARGE AREA SINGLE-MODE Rffi WAVEGUIDES 
One particular structure that confines the propagating modes very effectively and is of 
particular relevance to this project is a three din1ensional SOl rib waveguide. Vertical 
optical confinement is provided at the silicon and buried Si02 boundary, and horizontal 
confmement due to the rib geo1netry of the waveguide. 
Optical systems can either be multi-mode or single-mode. In certain situations - for 
example a fast communications system- a single-mode syste1n rather than a multi-mode 
systetn is the prefen-ed option. A single-mode system offers the designer greater 
bandwidth, increased modulation and faster switching times. One disadvantage of a 
single-n1ode planar waveguide is that the thickness of the guiding layer ( -0.2!-!m) is much 
smaller than the diameter of the guiding region of a single-mode optical fibre ( -5!-!m). 
This leads to inefficient coupling when using the butt-coupling technique. The efficiency 
can be greatly improved by fabricating a grating coupler on the waveguide, but with the 
added expense of an additional step in the waveguide fabrication process. 
For a 3-dhnensional rib waveguide it was thought that the cross section dimensions of the 
waveguide would probably be similar to the thickness of a single-1node slab waveguide 
(of the same 1naterial) in order that only the lowest order optical mode propagates. 
However a theoretical study by Soref et al showed that single-1node rib waveguides in 
SOl having a width and height of several microns were possible [2.18]. Soref predicted 
single-mode operation for the structure illustrated in figure 2.4 provided certain 
conditions are met. It is assumed that the thickness d of the lower Si02 cladding is 
sufficient to optically insulate the guiding f1hn from the substrate. The waveguide 
ditnensions are depicted in figure 2.4 and defined as: 
The rib width: w =2M. (2.1) 
The inner rib height: H = 2bA. (2.2) 
The ratio of the outer regions of the rib (h) to inner rib height (H): r = hiH 
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If the relation: 2b [ nl- n/ ] Y2 ｾ＠ 1 (2.3) 
is satisfied and for r ｾ＠ 0.5, the following condition assures single-mode operation: 
(2.4) 
where the refractive indexes are: nfz 3.5 for the silicon guiding layer and ns ｾＱＮＴＵ＠ for the 
Si02 cladding layer. 
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Figure 2.4 - Cross section of an SOl waveguide. 
Experimental evidence of single-mode behaviour in multi-micron sized rib waveguides 
was provided by Schmidtchen [2.19] and Rickman et al [2.5]. Schmidtchen fabricated 
low loss rib waveguides with multi-micron dimensions that satisfied the above conditions 
for single-n1ode operation. By using an infrared vidicon camera he observed that the 
waveguide was indeed single-n1ode. The sttucture had a rib width of 7J..Lm, a rib height of 
7.5J..Lm and a value ofr = 0.7. 
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In 1998 Pogossian et al studied the single-mode condition for semiconductor rib and 
came to a slightly different conclusion than Soref [2.20]. The authors studied the single-
mode condition for semiconductor rib waveguides with large cross sections using the 
effective index method (ElM). They obtained an expression to evaluate the single-mode 
condition for large multi-tnode rib waveguides. The ElM yields the following relation 
between the transversal sizes of rib waveguides for single-mode propagation: 
(2.5) 
The previous theory of Petennann and Soref proposed a condition for the single-tnode 
condition with large cross section taking into account cut off values from numerical 
solutions yielded the following relation: 
(2.6) 
in both cases r > 0.5 
Po gossian compared his equation with the experimental results of Rickman [2.5] and 
concluded that the experimental results from Rickman agreed better with his tnodel than 
with the Petern1ann/Soref model. 
2.6 LARGE CORE AND TIDN CORE GUIDING LAYERS IN SOl 
WAVEGUIDES 
As well as the research into silicon based waveguides with guiding regions of a few 
microns in dimension large core multi-mode integrated optical waveguides with core 
thickness of tens of microns have also been studied. Such structures were studied by Eng 
et al [2.21]. He fabricated waveguides by BESOI method with guiding layers between 25 
and 60J..tm in thickness. For these devices the buried oxide layer was 1.0!-lm thick, and the 
waveguides were etched right down to the buried oxide layer. The waveguides have a 
length of lOmm with a diatneter of the top of the waveguides equal to 3!-lm. At a 
wavelength of 1.3!-lm the waveguide propagation loss was 0.8dB/cm. 
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At the other extreme of guiding layer thickness, propagation loss measurements were 
reported for SIMOX SOl waveguides with thin guiding layers by Layadi et al [2.22]. The 
thin silicon guiding fihn had a thickness of O.l9J.Lm. This corresponded to the thickness of 
the silicon layer after implantation of oxygen and annealing. No epitaxial layer was 
grown on the sutface of the silicon fihn. To couple light into the waveguide a diffraction 
grating was realised by holographic exposure and etched into dielectric layers deposited 
on top of the silicon fihn. There were two waveguides, sample A and sample B. Sample 
A had a thin oxide coating deposited on the top while sample B did not. At 1.3Jln1, the 
waveguide exhibited single mode operation. For sample A, large propagation losses of 16 
dB/em and 6.2 dB/ctn for satnple B were measured. These losses are much higher than 
those reported for SOl multi micron dimension single mode rib waveguides. For instance 
Fischer et al reported losses of only 0.1 dB/em for a SOl multi-micron dimension 
waveguide [2.17]. 
2.7 SOl PASSIVE WAVEGUIDE DEVICES 
Once the ability to produce low loss waveguides in SOl technology was established, 
research attention focused on passive waveguide structures and active devices fabricated 
in SOl technology. In this section we will review smne of the passive waveguide 
stlucture proposed and fabricated. Exatnples include, 3dB optical directional couplers, 
NxN star couplers and Mach-Zehnder wavelength demultiplexers [2.22,2.23]. Active 
devices are reviewed in the following chapter. 
For integrated optical waveguides the effects of waveguide width, bend radius, y-junction 
splitting and interface roughness on optical perfotmance can be important in device 
design. A study of these properties in SIMOX SOl rib waveguides was made by Rickman 
et al [2.24]. The waveguides fabricated had a 4.3Jlm thick surface silicon layer and a 
0.4J.Lm buried oxide layer. The rib widths ranged from 2.7J.Lm to 7.7J.Lm. The experin1ental 
results obtained also supported the hypothesis that certain multi-micron rib dimensions 
can lead to single-mode waveguides even though planar SOl waveguides of similar 
dimensions are multi-tnode. The propagation losses measured for waveguides 3.7J.Lm 
19 
wide were found to be 0.0 dB/em and 0.4dB/cm for the TE and TM modes, respectively 
(wavelength- 1.52 Jlm). Of course, the recorded loss will be greater than O.OdB/c1n. This 
can be explained by the measurement uncertainty of 0.5dB/cm. The authors also tested a 
y-junction of 1 Omm radius. From the experimental data Rickman concluded that for a 
bend of radius 12min, losses of less than O.ldB and 0.5dB were to be expected for the TE 
and TM Inodes respectively. Once more these loss results are subjected to an 
experimental uncertainty of 0.5dB/cn1. A limit on the bend radius of the waveguide in 
terms of acceptable low losses has therefore been established. 
An early waveguide structure that was fabricated in SOl was a 19x19 star coupler 
reported by Dragone et al in 1989 [2.25]. The coupler consists of two anays of channel 
waveguides separated by a slab waveguide fo1n1ed on a silicon substrate (figure 2.5). The 
input power, fro1n any of the 19 single-n1ode input fibres connected to the input array, is 
radiated into the dielectric slab and subsequently transmitted to the output array. For the 
central fibres the 1neasured insertion loss at a wavelength of 1.3Jlm was approxhnately 
1.5dB, and for the marginal fibres, 3.5dB. The insertion loss included 0.8dB of coupling 
losses to the single-mode fibres and 0.2dB of waveguide losses. The coupler operates by 
coupling a signal entering one of the waveguides to an adjacent waveguide before 
entering the fi:ee space region of the device. Coupling occurs in this instance because of 
the small separation distances of the waveguides in the radial section (8J.tm-l0Jlin). Due 
to the close proximity of adjacent waveguides, some of the signal power is trans1nitted 
from the input waveguide to the adjacent waveguides. The light then propagates inside 
the free space region. The phase centre of the far field radiation in the free space region is 
displaced and subsequently this is the 1nain consequence of the signal power transferred 
to the adjacent waveguides via 1nutual coupling. The measured efficiency of the 
switching is approximately 55%. 
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Figure 2.5- Geo1netry of a 19x19 star coupler [2.25]. 
A 64x64 arrayed waveguide grating n1ultiplexer on silicon was fabricated by Okamoto et 
al in 1995 [2.26]. The waveguides were Silicon/Si02 with channels spacing of 0.4nm. A 
tuneable laser (mid wavelength approximately equal to 1.55j..lm) was the input light 
source. The authors managed to obtain a cross talk of less than 27 dB between 
neighbouring waveguides. The on chip insertion loss ranges fron1 3.ldB to 5.7dB for 
central and peripheral output ports respectively. Hence the authors were able to establish 
the practicality of NxN anayed waveguides with large numbers of input and output ports. 
A theoretical and experimental investigation of optical couplers in SOl was peiformed by 
Zinke et al in 1997 [2.27]. They compared directional couplers and multi-mode-
interference (MMI) couplers for applications in integrated optics devices based on rib 
waveguides in SOL The authors concluded that MMI couplers are favourable due to their 
insensibility to fabrication tolerances. The disadvantages were higher intrinsic losses and 
additional coupling problems. These problems may be reduced significantly by carefully 
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chosen design parameters. Experimental results show an additional loss of 1 dB and a 
crosstalk of 17 dB for MMI-couplers based on BESOT material with a silicon top layer 
thickness of 11 J.Lm. 
A multi-layer stlucture Si02-Silicon-SiOrSilicon-Si02-Silicon SIMOX SOl stlucture 
was evaluated by Soref et al in 1991 [2.28]. The authors demonstrated 3D integration of 
silicon based integrated optics. They did this by observing dual waveguiding in silicon at 
A,= l.3J.Lm. The silicon cores were 2J.Lm thick and separated by 0.36J.Lm thick Si02 (figure 
2.6). Two samples were prepared. For the first san1ple tested, 95% of the input light 
retnained in the original excited guide. This high percentage implies little coupling 
between the two waveguides. For the second sample, excitation of one of the waveguides 
produced simultaneous etnission frotn both cores with a power distribution of 
approximately 60%/40%. As the optical input changed from input waveguide level #1 to 
input waveguide level #2, the output switched from 60o/o/40% to 40%/60%, implying 
coupling between the two waveguide levels. The author proposed that the 3D vertically 
integrated structure could have applications in interlevel optical switches, and optical 
interconnects. 
Silicon 
Silicon 
Figure 2.6 - Six layer waveguide [2.28]. 
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Trinh et al demonstrated the first SOl phased-array wavelength multiplexer [2.29]. The 
filter is based on the phased-array concept consisting of two slab waveguide star couplers 
connected by an array of waveguides of constant incremental path length difference. The 
input light diverges in the first slab and couples to the array waveguides. After travelling 
through the array waveguides, the light beanlS interfere constiuctively in the second slab 
and couple to the output waveguide. The an·ay disperses the different spectral 
components of the signal to the different outputs. The device had 4 chatmels with a 
channel spacing of 1.9nm centered at 1.55J.!In wavelength and a 3dB-channel bandwidth 
of 0.72nm. The crosstalk to neighboring channels is less than 22dB with a total insertion 
loss < 6dB. Bookham Technolgy have fabricated passive silicon waveguide routers. The 
devices use an array of waveguides with a coupler on either end to split and recombine an 
input signal. The company claims that the background crosstalk across 40 channels is 
better than 23dB [2.30]. 
A further type of silicon device was proposed and fabricated by Zhao et al [2.31]. The 
waveguide is a silicon raised strip waveguide on Si02• An isotropic etch was used to 
produce the silicon raised strip waveguides, by etching the silicon film down to the Si02 
etch stop buried layer. The TE Inode trans1nission losses of the waveguides were 
n1easured to less than 0.2dB/cm at a wavelength of 1.3J..Lm. The authors claimed that 
silicon raised strip waveguides are an improvement over traditional rib waveguides 
because they provide improved optical confinement. This is due to the larger effective 
refractive index difference in the lateral direction of the silicon raised strip waveguide. 
The SOl strips are multi-mode at a wavelength of l.3f.!m, although when launching light 
along the strip axis it was possible to selectively excite the lowest order TE n1ode. The 
strips measured 1 OOOJ.!m long by 6J.!m thick. Zhao and colleagues also produced a SOl 
zero-gap directional coupler in 1995 [2.32]. The overall average loss was measured to be 
6.35dB. This consisted of an insertion loss of 4. 81 dB, absorption loss due to the imaging 
lens equal to 0.83dB and the coupling loss equal to 0.71dB. The crosstalk was measured 
to be 18.6dB. Therefore good isolation of between the output waveguides was achieved 
and the practicality of a zero-directional coupler was demonstrated. 
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2.8 SILICON CARBIDE OPTICAL WAVEGUIDES 
Cubic (3C) Silicon Carbide (SiC) is a potentially useful material for optoelectronic 
applications as it has a relatively large bandgap (2.2eV) and therefore is optically 
transparent over a large part of the visible spectnnn. Much more importantly, the beta (J3) 
form of SiC has a linear first order electro-optic effect that is 1. 7 times larger than that of 
GaAs. Therefore in principle P-SiC can be used to fabricate n1odulators and switches 
capable of very fast modulation/switching (tens of GHz). The refractive index of cubic 
SiC is 2.65 at a wavelength of 0.59f..Lm. Tang et al fabricated a waveguide in SiC by 
etching the silicon substrate and replacing it with sapphire held to the SiC epilayer by 
wax [2.33]. Jackson et al in 1995 reported the fabrication of a planar optical waveguide in 
a 2f..Lm epilayer of 3C-SiC [2.34]. The SiC was grown using CVD tnethods on a silicon 
substrate { 001}. The author states that this is the first report of waveguiding in thin fihn 
SiC on insulator. The buried layer of lower refractive index was produced by ion 
implantation of oxygen and subsequent annealing. The buried layer was fabricated in the 
cubic single crystal SiC using high energy (2MeV) oxygen ions implanted at a dose of 
1 018cm-2 • During implantation the san1ple was n1aintained at ｾＶＰＰﾰｃＬ＠ by using a heated 
sample stage, to minimise implantation damage. After itnplantation the sample was 
repeatedly annealed at 1200°C for periods of one hour in nitrogen to remove most of the 
residual radiation damage, and to redistribute the implanted oxygen into a well-defined 
layer. The insertion loss of the sample was then measured at a wavelength of 1.52f..Ln1. 
Jackson used an end ftre coupling method to measure the insertion loss. He then 
converted this value into a propagation loss after accounting for coupling inefficiencies. 
Waveguiding was frrst observed after the first hours annealing. The propagation loss after 
three hours annealing was 24.3dB/ctn. The author attributed these high losses to the result 
being an initial experimental attempt, to determine whether waveguiding could be 
achieved in this material using the described fabrication technique. 
Improvements in the quality of the final waveguide structure have been made and 
recently Vonsovici et al recorded a loss of less than 9dB/ctn for planar waveguides with 
an implanted oxide layer at wavelengths of 0.63f..Lm and 1.3f..Ltn [2.35]. Later the same 
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authors reduced the propagation losses to less than 7dB/cm [2.36]. These are the lowest 
recorded losses to date, but are still an order magnitude greater than the lowest losses 
reported for SOl rib waveguides [2.17]. 
2.9 SILICON-ON-SAPPHIRE STRUCTURES 
Silicon-on-sapphire (SOS) has also cotne under investigation as a material for fabricating 
waveguiding structures. Guided wave measuretnents were made on SOS structures as 
early as 1978 by Olivier et al [2.37]. The author made measurements on SOS structures 
and amorphous silicon on glass at a wavelength of l.l5J..Lm. His experiments proved that 
silicon was a viable matedal for waveguiding in the infra-red region of the 
electromagnetic spectrum. 
SOS optical waveguides were detnonstrated in 1986 by Albares et al [2.38]. The authors 
detnonstrated waveguiding at a wavelength of l.3J..Lm in silicon films 0.3J.lln, 0.95J..Lm and 
l.5J..Ltn thick. Waveguiding was also demonstrated in strip structures l.5J..Lm thick. The 
authors claim that SOS is an attractive material for integrated optic applications because 
sapphire exhibits excellent mechanical, electdcal and optical properties. Waveguiding is 
possible since the refractive index of the sapphire substrate is 1.75, i.e. less than that of 
the silicon guiding layer. 
From waveguide theory the authors predicts that for SOS films of 0.3J.tm, 0.95J.tm and 
1.5Jlm thickness, 2, 5 and 7 TE modes will propagate respectively. The authors fabdcated 
the strip waveguides by forming strip patterns in photoresist and then etching down to 
sapphire in a KOH solution. This resulted in strips, which were between 3 and 30J..Lm 
wide. Waveguiding was observed with fihns of thickness 0.95J.tm and 1.5J..lm. For the 
silicon strips 30J.tm wide, the authors observed two or three output spots depending on 
launching conditions. Although no propagation loss measurements were n1ade the authors 
detnonstrated that waveguiding in SOS structures was possible. More future research is 
required if SOS matedals are to match Si!Si02 waveguides in terms of waveguide 
propagation loss characteristics. 
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2.10 POLY CRYSTALLINE SILICON WAVEGUIDES 
Work carried out using polycrystalline silicon (polySi) as a waveguiding n1aterial was 
frrst conducted by Foresi. His team measured the losses in polySi waveguides in 1996 
[2.39]. The measurements were made using the direct cut back method. The lowest losses 
reported were 34dB/ctn at a wavelength of 1.55J..tm. The polycrystalline strip had 
dimensions of 8J..tm by 1J..Lm and was encapsulated in a Si02 cladding region. Polysilicon 
like silicon has a high refractive index but waveguides made fro1n polysilicon to date 
have suffered from high propagation losses. This is due to increased scattering and 
absorption losses resulting fro1n the poor quality of the polySi guiding layer. 
However, recently Agarwal et al reported reduced losses of 15dB/cm for polysilicon 
waveguides [2.40]. To achieve this the author fabricated waveguides in smooth 
recrystalline amorphous silicon, which reduces the waveguide scattering and absorption 
losses. 
2.11 WAVEGUIDES FABRICATED FROM OTHER MATERIALS 
Propagation loss results for silicon based waveguides compare with loss figures for 
GaAs/GaAIAs heterostructure optical waveguides. For example, Walker calculated losses 
for a GaAs/GaAIAs heterostructure from Fabry-Perot cavity resonances in 1985 [2.41]. 
The GaAs waveguide layer had a thickness of l.OJ..tm, with 12% and 25o/o aluminium in 
the lower and upper cladding layers respectively. The singlemode strip loaded 
waveguides were 3.5J..tm wide. The recorded propagation losses were between 1.25dB/cm 
and 1.75dB/cm for single-mode strip waveguides of micron size dhnensions. 
Another type of waveguide studied by many researchers is silicon-gennanium (SiGe) 
[e.g.2.42,2.43,2.44,2.45,2.46]. It has been demonstrated on numerous occasions that 
optical losses of less than ldB/cm are possible in SiGe structures. One such waveguide 
was fabricated by Pesarcik et al [2.45]. Their waveguide structure consisted of a silicon 
substrate, 6.5 J..tm of undoped Si 0.98Ge 0.02 and 3.0J..tin of silicon grown epitiaxially by 
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chemical vapour deposition. Reactive ion etching defined near vertical rib walls of 4.lJ..Lm 
height. Pesarcik reported losses for silicon-getmanium waveguides of 0.5 dB/em forTE 
polarised light and 0.6 dB/em for TM polarised light at a wavelength of l.3J.!In. Similarly 
Schmidtchen et al also recorded similar losses to Pesarcik but with the application of a 
much simpler fabrication process. Schnudtechen waveguides were fabricated by the 
indiffusion of germanium into silicon substrates [2.46]. He also fabricated s-bends (loss 
ldB for 5mm radius), y-junctions and directional couplers using the same technology. 
The research to date provides evidence that strongly confmed optical modes can exist in 
silicon-ge1maniun1 waveguides. 
Another type of silicon based optical waveguide was reported by Soref in 1994 [2.47]. 
Sorefs waveguide contained a buried metallic-cladding layer (CoSh). Experimental loss 
measure1nents of a 20J..Lm thick silicon structure at a wavelength of 1.3 ｾｵｮ＠ resulted in 
propagation losses below 2.5dB/cm for TEo and TM0 modes. 
A TE/TM mode splitter in silicon was proposed and fabricated by Ridder et al [2.48]. The 
splitter was based on the 1node-sorting characteristics of an asymmetrical adiabatic Y 
junction of optical waveguides operating at 1.55j.ltn. The device was fabricated in a 
system of Si02, SiOxNy and ShN4 layers using a low temperature plasma enhanced 
chemical-vapour (PECVD) deposition process. The device had a measured cross talk of 
the polarisation splitter was -11 dB for both TE and TM n1odes. 
2.12 SUMMARY 
In this chapter the advances made in the field of passive silicon optical waveguide 
technology have been reviewed. It has been shown that silicon is a viable waveguiding 
material at infrared wavelengths, exhibiting losses as low as 0.1 dB/em for silicon 
waveguiding sttuctures. One ｴｹｰｾ＠ of structure that is particularly useful is an SOl rib 
structure, which has been proven to provide strong confinement of the propagating 
optical modes. SOl wafers can be fabricated by a number of methods including BESOI, 
SIMOX SOl and UNIBOND SOL Additionally, it is possible to fabricate multi-micron 
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sized SOl rib waveguides that are single n1ode if the rib height, width and guiding layer 
dimensions satisfy certain conditions. A single mode optical system offers increased 
bandwidth, modulation and faster switching times compared with a similar multi-mode 
optical system. Also the simple technique of butt-coupling can be used to efficiently 
couple light from a single mode fibre into the rib waveguide. Passive devices such as 3dB 
optical directional couplers, NxN star couplers and Mach-Zehnder wavelength 
demultiplexer have been demonstrated. In terms of viability as a waveguiding structure, 
silicon based waveguides are comparable to other popular waveguides such as 
GaAs/GaAIAs heterostructure waveguides and lithium niobate waveguides. SIMOX SOl 
tnulti-micron dimension rib waveguides are used for the fabrication of devices in this 
project. 
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Chapter 3 
Literature review II: Active devices 
3.1 INTRODUCTION 
This chapter is the second part of the literature review and focuses on the 
developments in the field of active silicon optical devices. Initially, device operating 
characteristics and the various modulation tnethods that tnay be etnployed in these 
types of devices will be described. The retnainder of the chapter focuses on a review 
of the published literature with regard to active devices in silicon. 
3.2 OPERATING CHARACTERISTICS 
In many cases an electro-optic device can function as either a modulator or a switch, 
depending on the arrangement of input and output ports or on the strength of the 
interaction between the optical waves and the controlling electric signal. For example, 
in the case of a silicon p +-i-n+ diode the modulating/switching capability can be 
obtained by using the free carrier effect to vary the refractive index of the intrinsic 
region of the device. On application of a forward potential bias to the p+-i-n+ diode, an 
injection of free carriers in the intrinsic region occurs. A propagating optical mode 
through this region will experience a phase change due to the consequential change in 
the refractive index. Hence by varying the applied voltage to the device and therefore 
the concentration of carriers in the intrinsic region, phase tnodulation of the 
propagating opticaltnode occurs. 
It is also possible to achieve optical switching using the same device. It is assutned 
that most devices are single mode devices with zero initial potential bias applied and 
that the fundamental propagating tnode is only just above cut off. Then application of 
a potential bias will result in an injection of electrons and holes into the guiding 
region of the device, resulting in a change to the propagation constant of the device, 
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the result being that the propagating mode is no longer confmed and the energy of this 
mode is radiated into the substrate hence switching occurs. There are a number of 
characteristics that are commonly used to describe the performance of optical devices. 
Defmitions of the characteristics of switches and modulators that are used throughout 
this thesis are described below [3.1]: 
3.2.1 Modulation Depth 
The modulation depth 11 in the case of an intensity modulator in which the applied 
electrical signal acts to decrease the intensity of the transnritted light, is given by: 
11 = (Io - I) I Io (3.1) 
I is the transtnitted intensity and I0 is the value of I with no electrical signal applied. In 
the case where the applied electrical signal acts to increase the transmitted light 
intensity, 11 is given by: 
11 = (I - Im) I Io (3.2) 
Im is the transmitted intensity when tnaximutn signal is applied. It is also possible to 
defme the modulation depth for phase modulators, as long as the phase change can be 
functionally related to an equivalent intensity change. The modulation depth for phase 
modulators is given by: 
1l = sin2 (L1<pl2) (3.3) 
where Ll<p is the phase change. 
3.2.2 Bandwidth 
The bandwidth is the range of tnodulation frequencies over which the device can be 
operated. The bandwidth of a tnodulator is normally taken as the difference between 
the upper and lower frequencies at which the modulation depth falls to 0.50 of its 
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maximum value. In the case of a switch, frequency response is usually given in terms 
of switching speed or switching time. The switching time T is approximately related 
to the bandwidth fif by the expression: 
T = 1 I 2rcfif (3.4) 
3.2.3 Insertion loss 
In the case where the 1nodulating signal acts to decrease the intensity, the insertion 
loss is given by: 
Li = 10 log Ot I Io) (3.5) 
It is the optical intensity that would be transmitted by the waveguide if the modulator 
were absent, and 10 is the intensity transmitted with the n1odulator in place, but with 
no applied signal. For the modulator in which the applied signal acts to increase the 
transmitted intensity (i.e. provide gain), the insertion loss is given by: 
(3.6) 
Im is the trans1nitted intensity when the maximtun signal is applied. 
3.2.4 Propagation Loss 
The propagation loss is the loss resulting purely fro1n propagation in the waveguide 
itself. The propagation loss is equal to the insertion loss minus all other external 
losses such as reflection losses and 1node mis1natch loss. The propagation loss is 
usually expressed in dB/em. 
3.2.5 Figure of Merit 
The figure of merit Q, is a parameter that is used to compare the efficiency of phase 
modulators. The defmition of Q that is connnonly used is described in equation 3. 7. 
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(3.7) 
V 1t = voltage required for a 1t phase shift and Ln is the active length of the device in 
millimeters for a 1t phase shift. However, this equation is usually used to describe the 
figure of merit for voltage controlled devices. The work in this thesis is concerned 
with devices that operate by carrier injection, i.e. current controlled devices. A more 
appropriate equation in this case would be to describe the figure of merit in terms of 
current: 
(3.8) 
In= current required for a 1t phase shift and Ln: is the active length of the device in 
tnillimeters for a 1t phase shift. 
3.3 MODULATION MECHANISMS 
Active silicon devices that tnodulate a bemn of light achieve this by varying the 
re:fi:active index and propagation constant of silicon in the path of the propagating 
optical mode. This section describes the most frequently used methods to achieve 
modulation. 
3.3.1 Electro .. optic effects 
Unstrained pure crystalline silicon has no linem· electro-optic (Pockels) effect. 
However, the second order electro-optic Kerr effect does exist. For the case of silicon, 
an applied electric field of lOOkV/cm produces a change in the refractive index equal 
to lxl0-6 at a wavelength of l.3J..Lm [3.2]. This is equivalent to a very small phase 
change of only 0.3° for a device with an interaction length of lOOOJ..Lm (a typical 
device interaction length). A useful refractive index change is usually 2-3 orders of 
magnitude greater than this. Consequently very high fields of the order of silicon 
breakdown, or devices with very long interaction lengths are required for a workable 
active device. Therefore, the Kerr effect is not pmticulm·ly useful. 
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3.3.2 Franz-Keldysh effect 
The Franz-Keldysh or electro-absorption effect is the shifting of the absorption edge 
to longer wavelengths on the application of an electric field. The companion effect, 
electro-refraction, was investigated by Soref et al [3.2]. Figure 3.1 shows that it is 
possible to achieve a change in refractive index of silicon approximately equal to 
1.3x10-5 for an applied field of 100kV/cn1 at a wavelength of 1.07J . .Un. Hence, similar 
to the Kerr effect, very large fields or devices with large interaction lengths are 
required to achieve a workable active device in silicon. 
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Figure 3.1- Change in refractive index versus wavelength for silicon [3.21. 
3.3.3 Free Carrier Effect (Plasma Effect) 
The Kerr and Franz-Kelydsh effects vary the refractive index of silicon when an 
electric field is applied to the material. Unfortunately, for both these methods a large 
electric field has to be applied in order to achieve a useful refractive index change. 
However, the free carrier effect is an alternative and more efficient method of varying 
the refractive index of silicon. The free carrier effect results frotn absorption varying 
the imaginary part of the refractive index, which induces a phase delay of the optical 
mode as it passes tlu·ough the material. Consequently attenuation of the optical mode 
also occurs. Charge carriers injected into silicon therefore change the refractive index 
and absorption properties of the 1naterial. Experimental confinnation that the free 
carrier effect is the most efficient means of varying the refractive index in silicon was 
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provided in 1987 by Soref et al [3.2]. They studied the refractive index changes in 
silicon due to the Kerr effect, Franz-Keldysh effect and free carrier effect. The.ir 
results concluded that for experimentally reasonable values of applied field and 
injected carriers, the changes to the refractive index were at least two orders of 
tnagnitude larger for the free carrier effect. Soref et al quantified an accurate index 
perturbation due to free carriers injected into silicon [3.3]. They obtained absorption 
coefficient changes as a function of free electrons and holes for p and n type silicon 
with different impurity concentrations. The authors assumed equivalence between 
carrier doping and carrier injection. They then applied the absorption data to the 
Kramers-Kronig dispersion relation to obtain the change in refractive index ＨｾｮＩ＠ of 
the silicon as a function of injected free carriers in silicon ＨｾｎＩ＠ (figure 3.2). 
Carrier - Refraction 
SILICON, T=300°K 
i\= 1.55.um 
Figure 3.2- Change in refractive index against change in carriers for silicon [3.3]. 
The results they obtained are described below: 
At ＱＮＵＵｾｭＺ＠ ｾｮ＠ =- (8.8x10 -22 Ｊｾｎ･＠ + 8.5xl0 -18 * ＨｾｎｨＩ＠ 0·8 ) (3.9) 
At ＱＮＳｾｭＺ＠ ｾｮ＠ =- (6.2x10 -22 Ｊｾｎ･＠ + 6.0x10 -18 * Ｈｾｎ ＱＱ Ｉ＠ 0·8 ) 
ｾ｡］＠ 6.0x10 -18 Ｊｾｎ･＠ + 4.0x10 -18 ｾｎｨ＠
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(3.10) 
(3.11) 
(3.12) 
where: ｾｮ＠ is the change in refractive index, ｾ｡＠ is the change in absorption (cm-1), 
ｾ･＠ is the change in electron concentration (ctn-3) and ｾｎ ＱＱ＠ is the change in hole 
concentration ( cm-3). 
3.3.4 Thermo-Optic Effect 
The thermo-optic effect is the variation of the refractive index of a material with the 
temperature of the material. Optical modulators based on the thermo-optic effect have 
been demonstrated by many researchers [e.g.3.4,3.5,3.6]. In cotnparison with devices 
that utilise the free carrier effect, thermo-optic devices have n1uch larger switching 
times of the order of tnicroseconds rather than nanoseconds. Itnportantly, a negative 
refractive index change in silicon occurs when there is an increase in the 
concentration of electron-hole pairs, but in the case of the thermo-optic effect the 
variation in the refractive index of silicon due to an increase in temperature is 
positive. As a result the current heating effect as current flows through the forward 
biased p+-i-n+ diode will result in an increase in temperature. Hence the thern1o-optic 
effect will compete with the free carrier effect in terms of the change in refractive 
index. At a wavelength of 1.5!Jm the thermal change of the refi·active index of silicon 
is given by [3.4]: 
onloT = +1.86x1o-4 I(-1 (3.13) 
where: n is the refi·active index and T the temperature (K). 
Evaluation of the thermo-optic effect will be required in order to provide an accurate 
estimation of the change in refractive index for the devices under investigation. 
3.3o5 Summary 
Establishing an efficient tnethod of varying the refractive index I absorption 
properties of silicon is crucial if silicon is to be considered a useful active electro-
optic material. In this section, four different methods of achieving this aim have been 
described, namely the Kerr effect, Franz-Keldysh effect, free carrier effect and 
thermo-optic effect. Investigations have shown that the fi·ee carrier effect is the most 
efficient method of varying the refractive index I absorption properties of silicon. This 
n1ethod has been experitnentally shown for reasonable values of applied field and 
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injected carriers to be at least two orders of magnitude 1nore efficient than the Kerr 
and Franz-Keldysh effects. Of the four methods described, the thermo-optic effect is 
the only other method that is frequently used and a ntnnber of thermo-optic based 
devices have been fabricated and tested. However the response time of the thermo-
optic effect is typically three orders of 1nagnitude slower than that of devices based on 
the free carrier effect. Importantly, the refractive index change of silicon due to the 
thermo-optic effect is the opposite sense to that of the free carrier effect. Therefore, an 
analysis of free carrier based devices should include an evaluation of the thermo-optic 
effect on device performance. 
3.4 REVIEW OF MODULATORS AND SWITCHES 
The following section is a review of sotne of the many different designs and operating 
techniques that have been recently investigated. The devices reviewed utilise the free 
carrier effect to achieve modulation/switching. Much of the research to date has 
focused on integrating an active device into some sort of silicon waveguide to create a 
modulator or a switch. There has been little research in nnproving the actual 
efficiency of the active device itself. The research conducted by the author during this 
project attempts to address this issue. Initially, a review of devices made from silicon-
on-silicon material (SOS) will be conducted. However, more recent devices have 
generally used silicon-on-insulator material (SOl) which offers the ability to strongly 
confine the propagating optical mode. The devices fabricated for this thesis were SOl 
devices. A detailed review of SOl devices is included i11 this chapter. For 
completeness, the section concludes with a description of other types of silicon active 
devices. 
3.4.1 Silicon-on-silicon (SOS) devices 
The initial research regarding modulation and switching of active silicon devices 
began in the late 1980's. Many of the early devices investigated were based on 
guiding layers composed of layers of doped silicon. Selective doping of the layers was 
used to provide optical confmement of the propagating optical mode. In turn the 
doped regions could be used as the basis to form an active device which utilised the 
free carrier effect to modulate the propagating optical mode. 
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In 1987, Lorenzo et al reported the first active multimode switching of 1.3J..Lm optical 
signals in a 2x2 rib structure via mode interference [3. 7]. A top and cross section view 
of the device is shown in figure 3.3. The intersection region of the two waveguides 
contained an active region consisting of a p+n junction diode. The application of a 
forward current density of 1260A/cm2 resulted in a switching of 50% of the optical 
power to the adjacent channel. The device was unoptimised but clearly demonstrated 
switching potential in silicon based optical devices. 
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Figure 3.3- Top view and cross section view of Lorenzo' s 2x2 optical switch [3.71. 
The simplest type of SOS phase/intensity modulator consists of an active device 
integrated in a single straight through waveguide. A device of this type was designed 
and fabricated by Treyz [3.8]. His modulator was designed to operate by free carrier 
absorption in the infrared region of the spectrum. A schematic diagram of the active 
region of the device is illustrated in figure 3.4. 
The device had a rib height of 4.6J..Lm, width 24J..Lm and an interactive length of 
SOOJ..Lm. The intrinsic region was grown to a thickness of 7. 7J..Lm. The p + layer was 
O.SJ..Lm thick with a doping concentration of greater than 5x1019cm-3. By applying a 
forward bias to the device, the propagation constant of the active region was modified 
by the injection of free carriers. The result being that a proportion of the optical mode 
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was radiated to the substrate (mode-displacement). A reasonable high maximum 
modulation depth of 0.76 was possible but for a high current density of 3400 A/cm2 . 
Treyz measured the 90-10% response time to be SOns. The device propagation loss 
was of the order of l.OdB. The same author incorporated the above device into one 
arm of an integrated Mach-Zehnder (MZ) interferometer [3.9]. In this case, the active 
device utilised its phase modulator ability, with the resulting phase modulation 
converted to intensity modulation by the MZ interferometer. In this case a modulation 
depth of 0.67 was possible for a current density of 1600 A/cm2 . As in the case of the 
absorption modulator the device response time and propagation loss were SOns and 
1.0dB respectively. This example and the previous example illustrate how the free 
carrier effect can be used to produce either phase modulators or intensity modulators. 
The results from both the absorption and MZ interferometer modulators sugge t that 
the MZ configuration is the more efficient method by a factor of approximately two in 
converting phase modulation to intensity modulation in terms of modulation depth per 
current density. 
Aluminum 
oxide 
p+ silicon 
p silicon 
n+ silicon substrate 
Figure 3.4 Treyz's absorption modulator [3.81. 
38 
A more complicated mode-displacement device structure was theoretically 
investigated by Pirnat [3 .1 0]. The device structure consisted of a n + npp + diode (figure 
3.5). On the p-type silicon substrate is the waveguiding n-type silicon core layer, 
which supports only the fundamental mode. The propagating optical mode is weakly 
confined due to the small refractive index difference between the core layer and the 
substrate. On forward biasing of the diode, carrier injection into the core layer occurs. 
Since the carrier injection is mainly confmed to the core region, the refractive index 
of the core region is reduced significantly so that the optical mode is no longer 
confmed but radiates into the substrate. The device under investigation was unable to 
provide complete mode extinction, even with high levels of injected carriers. 
However, the mode was displaced towards the substrate sufficiently to result in 
significant loss of optical intensity (figure 3.6). Figure 3.6 illustrates the displacement 
of the optical intensity of the mode as the applied voltage was forward biased by 
1.1 V. Note that the negative voltage was applied to the cathode while the anode was 
grounded. From figure 3.6, the calculated modulation depth is equal to 0.91 for a 
current density of 3333Ncm2 . 
Ohmic 
contact 
12Jlm 
n = 3.5x10 17 
p = 6x1017 
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OJlm 
lJlm 
3.5Jlm 
40Jlm 
Figure 3.5- Cross section view of Pirnat's mode displacement modulator [3.101. 
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Figure 3.6- TEQ mode intensity as a function of depth below the surface [3.101. 
The previous examples used an integrated MZ interferotneter and a !node-
displacement technique to convert phase modulation to intensity modulation. 
However, many other types of devices that convert one fonn of tnodulation to another 
also exist. One such device was demonstrated by Solgaard et al [3.11,3.12]. Figure 3.7 
shows the active region of the device. A single mode fibre is directly pigtailed to a 
silicon tnodulator. The operation of the tnodulator is based on phase modulation of 
one half of the input beam with respect to the other half. This occurs when the beam 
passes through the active p +-i-n+ diode region of the device. The bemn is split into two 
halves by an etched V groove as it approaches the top of the active device. Only one 
half of the beam passes tln·ough the active region of the device. By applying a 
potential bias to the active device, carriers m·e injected into the active section of the 
guiding region, resulting in a change in the refractive index. By varying the applied 
potential to the device, the index of refraction vm·ies and hence phase modulation of 
the beatn results. Both halves of the bemn m·e reflected by an aluminum contact 
surface layer. The resulting effect of this phase delay is that the optical beam reflected 
back to the fibre is a sum of the fundamental gaussian and higher order modes. Only 
the fundamental gaussian tnode will propagate and therefore the phase tnodulation is 
converted into mnplitude tnodulation. These modulators offered a reasonable 
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Figure 3.7- Cross section view of Solgaard amplitude modulator [3.11.3.12]. 
bandwidth of 60MHz, but the maximum modulation depth was only 0.24 for a high 
current density of 120,000 A/cm2. However, the same authors went one stage further 
by incorporating an extra p +-i-n+ diode on the reference side of the etched V groove 
[3.13]. By driving the two p+-i-n+ diodes out of phase in a push-pull mode it was 
shown that this results in a twofold improvement in modulation depth compared with 
the original design. 
The fmal type of device reviewed in this section is a three terminal SOS device. So 
far, all of the devices discussed have active regions with two terminals. A three 
terminal transistor device was proposed and theoretically analysed by Friedman et al 
in 1988. Their phase modulator consisting of an elongated transistor structure 
integrated into a rib waveguide [3.14]. Forward biasing the device resulted in an 
injection of free carriers into the waveguiding region with the distribution of injected 
charge in the waveguiding region controlled by the field junction. Hence the ability to 
locally vary the refractive index of the conducting channel existed. The authors 
predicted that for a 0.32V cathode-anode voltage an effective index change of 1x10-3 
would occur for an applied gate voltage change of 12V. An effective index change of 
this magnitude would result in a 275° phase change for a device with an active length 
of 1 OOOJlm. This type of device is essentially a voltage controlled device, and 
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therefore difficult to compare directly with the previously reviewed current controlled 
devices. 
3.4.2 Summary of silicon-on-silicon (SOS) active devices 
The initial research into active silicon electro-optics involved analysing SOS based 
devices. The early devices analysed were based on guiding layers composed of layers 
of doped silicon, which in turn could be used as the basis to form the active region of 
the device. The work to date in this area has generally involved fabricating active 
devices in waveguiding structures, which either behave as intensity modulators or 
convert phase 1nodulation to intensity modulation. For example, an intensity 
1nodulator with a high modulation depth of 0.67 for a current density of 1600 A/cm2 
has been fabricated by Treyz [3. 9]. The performance of this device is good 
considering the simple nature of the device design- a p+-i-n+ active device integrated 
in a MZ interferometer. Other more complex SOS device structures/designs have also 
been considered. Solgaard fabricated a more cotnplex intensity modulator device that 
modulated one half of the input beam with respect to the other [3.11,3.12]. This 
device had a low modulation depth and required a large driving current but had a 
reasonable bandwidth of 60MHz. The author was able to double the modulation depth 
to 0.48 by including a second active region in the device design [3.13]. Three tenninal 
voltage controlled devices have also been investigated which offer the potential to 
locally vary the refractive index of the conducting channel. A device proposed by 
Friedman et al could provide a large phase change (275°) for a voltage change of only 
12V. However, more investigation of these types of devices is required. 
3.4.3 SOl modulators and switches 
So far we have reviewed theoretical studies and fabrication attempts in the area of 
active optical devices integrated into silicon-on-silicon (SOS) structures. The one 
main disadvantage of using this type of structure is that it does not confine the 
propagating optical mode as strongly as other types of structures. This is because only 
stnall variations in silicon refractive index can be achieved by methods such as 
impurity addition, lattice straining or damage. It is therefore difficult to achieve a 
strongly confming optical structure using silicon alone. However, if we use silicon as 
a base material with other materials it is possible to produce a tnore strongly confining 
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optical structure. One such structure is an SOl waveguide. An SOl waveguide usually 
consists of one or more silicon guiding layers sandwiched in between two Si02 layers 
or an Si02 layer and air. The Si02 layer and/or the air acts as the cladding materials of 
the waveguide. The large refractive index difference between silicon and either Si02 
or air (>2) results in strongly confining optical structures. A review of the 
developments in this area of active silicon optical devices will now follow. 
In tllis context, the simplest SOl active device consists of a p+-i-n+ diode integrated 
into a straight waveguide. The device can then be operated as a phase modulator or an 
intensity modulator. A phase 1nodulator of this type was investigated by Tang et al in 
1994, who1n integrated a p+-i-n+ diode into an SOl rib waveguide. Tang's device is 
illustrated in figure 3.8. The device was Inulti-micron sized with n+ injecting regions 
on opposite sides of the rib walls and a p + injecting region located at the top of the rib. 
Theoretically, the device had a large predicted figure of merit of greater than 
200° /V /mm with a low current of only 4InA required to achleve a 1t phase shlft at a 
wavelength of ＱＮＵｾｭＮ＠ The interaction length of the device was ｬｏｏｏｾｭ＠ and the 
current density a low 175Aicin2. Thls is the highest figure of merit and the lowest 
recorded current density to date. The authors proved that it was possible to obtain a 
20% increase in the concentration of injected carriers in the waveguiding region of an 
4.0j..t111 
6.5J.tm 
3.3J.ttn 
Figure 3.8- Tang's sloped wall rib 1nodulator [3.15,3.16]. 
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SOl rib modulator by reducing the angle of the rib sidewalls from 90° to 54.7° 
[3.15,3.16]. Importantly, the theoretical results were confirmed experitnentally. 
Zhao also proposed and fabricated a simple switching device similar to Tang's sloped 
wall modulator. Like Tang's tnodulator, Zhao's device consisted of a p+-i-n+ diode 
integrated into a large cross section single-mode rib waveguide [3.17]. However, the 
difference between Zhao's device and Tang's device was that Zhao chose his 
structural paratneters carefully so that the device could only just support the 
fundamental optical mode at the designated wavelength (l.3J.lln). On forward biasing 
of the p+-i-n+ diode, a change in the refractive index I propagation constant of the 
intrinsic region results due to the large concentrations of electron-hole pairs injected 
into this region. As a consequence, the guided optical mode was converted to a 
radiative substrate mode, resulting in increased device absorption. Whereas Tang's 
device was designed ptuely as a phase modulator, Zhao's device although of a similar 
structure was designed to be used as an intensity tnodulator. The device dimensions 
are rib width of 6J.Lm, rib height of 3J.Lm, an interaction length of 200J.Lm with 54.7° 
sloping rib walls. The 12J.Ltn gap between the n + regions and the rib waveguide is 
greater than that used by Tang [3.15,3.16]. A large modulation depth of 0.96 for an 
injection current of 45mA with a response tiine of 160ns was measured. Switchii1g the 
device requit·ed a large current density of 3750A/cm2• The current density was more 
than twenty times greater than the 175A/cm2 recorded by Tang. The waveguide 
exhibited a 3.65dB insertion loss, primarily due to the absorption produced by the p+ 
contact on the rib waveguide. Based on these results we can conclude that this type of 
device is tnore efficient as a phase modulator. However, there is no switching data 
available for Tang's device. 
A theoretical study of a p +-i-n+ phase modulator in SOl was made by Vonsovici et al 
in 1999 [3.18]. The structure of then· device consisted of a p+-i-n+ diode confmed 
laterally by a Si3N4 strip. The waveguidit1g region was 0.2J.Lm thick. The results 
suggested that a refractive index change between 5x104 and 1xlo-3 could be obtained 
for current densities rangit1g from 500 to 1600 A/cm2. This results ii1 a figure of merit 
of 160°N/mm. By forward biasing the device to about 0.8V and then modulating the 
author predicts that a bandwidth of greater than 1 OOMHz is possible. 
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Many types of devices have been reported that covert phase modulation into intensity 
modulation. One such device was reported by Xiao et al [3.19]. The device was a 
surface-normal optical intensity modulator at l.3J.!m consisting of a p+-i-n+ diode 
integrated in a Fabry-Perot cavity (figure 3.9). The active region of the device utilised 
the free carrier effect to phase modulate the propagating optical mode, with the 
resulting phase modulation converted into optical intensity modulation by the Fabry-
Perot cavity. A buried 200nm Si02 layer formed the bottom mirror with a reflectance 
of 30%. The top mirror is an air/polysilicon/Si02/silicon multilayer with 82% 
reflectance. The reported modulation depth was only 0.1 for a high current density of 
6000 A/cm2, which would limit the practical usefulness of this device. Improvements 
in the modulation depth I current density would have to be achieved for this type of 
device to be practical. On the plus side, the reported bandwidth was 40MHz. The 
authors have proposed that changing from a single buried oxide layer to a double 
buried oxide layer which they claim would result in an increased reflectivity of the 
bottom mirror. The effect of this would be a three times reduction in the current 
density, or a three times increase in the modulation depth of the device. 
optical fibre 
fibre 
core 
n· silicon 
n+silicon 
silicon substrate 
Figure 3.9- Xiao's Fabry Perot intensity modulator [3.19]. 
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Cutolo proposed and analysed a lateral p +-i-n+ diode integrated in a Bragg reflector 
(figure 3.10) [3.20]. A numerical evaluation proved that this device exhibited 
excellent all round performance. For instance, it was possible to obtain a 0.5 
modulation depth for a low 4.0mW driving power. This device had a switching time 
of only 12ns and exhibited a low insertion loss of l.OdB. The device worked by 
varying the refractive index of the guiding layer by tneans of carrier injection, which 
in turn modulates the transmittivity of the Bragg reflector and hence intensity 
modulation of the propagating optical mode occurs. With reference to figure 3.10 the 
Bragg grating has a period A=227ntn, a depth a=45nm and a width W=3J . .Lln. The 
tnodulator has an interaction length of 3200J . .Lln with n + and p + diffusion depths of 
0.85J..Lm. The Bragg reflector with its sub-tnicron sized grating is likely to lead to an 
increase in the fabrication difficulties and hence an increase in the cost of the 
tnodulator. 
ｉｾ＠ Vl ｾｉ＠
p+ I Silicon I n+ 
Figure 3.10- Longitudinal and transverse section of Cutolo's modulator [3.201. 
The device was compared to a similar Mach-Zehnder interferometer device with a 
comparable total length. Perfonnance characteristics were similar in terms of driving 
voltage and response tunes, but in this case to achieve the smne tnodulation depth, the 
Mach-Zehnder interferometer required approximately three tunes more power than 
the Bragg modulator (figure 3.11). A Bragg milTor is an efficient method of achievu1g 
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intensity modulation. These performance figures cotnpare favourably with the results 
from Zhao's intensity modulator, which required a current of 45mA to achieve 
maximum modulation depth. The switching time was 160ns. 
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Figure 3.11 - Modulation depth tneasuretnents for Cutolo 's modulator [3 .201. 
SOl NxN switches have been investigated by many authors. For example, Zhao 
developed the first integrated SOl infrared zero-gap directional coupler switch, in 
1996 [3.21]. An input power P1 is coupled into a single-mode rib waveguide (nutnber 
1) at the input port of the dual-mode interference region. Inside the dual-mode 
interference region fundamental and ftrst-order modes are excited. If the interaction 
length of the dual mode-interference region is equal to the coupling length then all of 
the light is output from waveguide number 3. On forward biasing the p+-i-n+ diode, 
large numbers of electron-holes pairs are injected into the dual-mode interference 
region resulting in a change in the propagation constants in this region. The result of 
this induced change is that light will exit at both waveguides 3 and 4, and if the 
change in propagation constant is large enough con1plete switching is obtained; i.e. 
light power is output from waveguide 4, and waveguide 3 is switched off. The 
insertion loss and cross talk were measured to be less than 4.81dB and -18.6dB, 
respectively at a wavelength of 1.3j.lm and a switching voltage of 0.91 V. The 
response time was 210ns. To achieve maxitnum switching a large current of 136mA 
was required. 
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An SOl lx2 symmetric Y -junction optical waveguide switch was proposed and 
fabricated by Zhao et al in 1997 [3.22]. An abrupt p+n junction was formed below the 
top surface of each output waveguide in order to inject charge carriers into the 
specified output waveguide. Initially when guided mode optical signals were coupled 
into the input waveguide an equal power was transmitted at each output waveguide. 
The author by driving the active device switched the optical wave between the output 
waveguides. The insertion loss and maximum modulation depth of the device were 
tneasured at a wavelength of 1.3Jlm. The recorded insertion loss was less than 4.78dB 
and the maximutn modulation depth was equal to 0.99. The driving current was 
45mA, and the response time equal to 160ns. 
In 1994 Wang proposed a theoretical silicon light intensity modulator based on free 
carrier depletion [3.23]. All of the devices described thus far have operated by carrier 
injection. Carrier depletion devices are potentially faster (their speed is llinited only 
by the device capacitance) than carrier injection devices, for whotn the speed is 
liiirited by the carrier lifetime (nanoseconds to microseconds). The main disadvantage 
for a carrier depletion device is that the initial increased concentration of free carriers 
results in an increased initial device propagation loss. The device is illustrated in 
figure 3.12. 
Ground plane 
Figure 3.12- Wang's Bragg reflector modulator [3.231. 
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On top of the silicon waveguiding layer are interdigitated tnetal ftngers. When the 
metal fingers are alternatively biased they fonn forward and reversed biased Schottky 
junctions with silicon as shown in figure 3.13. The reversed biased junctions form 
depletion regions. Assuming an optical wavelength of l.Sj..Lm, and a p + type silicon 
layer with a concentration of 3x1018cm-3 then there is a refractive index difference of 
5x10-3 between the depleted and undepleted regions of the silicon. The alternately 
depleted and undepleted regions fonn a Bragg reflector. By applying a time-
dependent voltage to the metal fmgers, the reflectivity of the Bragg reflector varies 
and therefore intensity modulation of the propagating optical mode occurs. Wang 
calculated that for a device with an interaction length of 300j..tm, a tnodulation depth 
of 0.4 was possible. The switching results are very iinpressive, with a predicted 
bandwidth of 40GHz. To the author's knowledge, this is by far the largest bandwidth 
reported to date. However, the device is of sub-micron size and therefore there are 
associated fabrication and coupling issues. 
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Figure 3.13- Diagratn illustrating the depletion layers formed when a reverse bias 
potential is applied to the device [3.231. 
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Other types of SOl devices fabricated include a novel optical beamsteering device by 
Jackson et al in 1997 [3.24]. Beamsteering can be accomplished by using the 
interference pattern of a number of coherent optical sources to form and potentially 
steer an optical beam. Steering of the beam results from varying the relative phase of 
the constituent sources. The author fabricated a device with two waveguides. One of 
the waveguides had an active p+-i-n+ region. The second waveguide was passive. By 
forward biasing the device p+-i-n+ carriers were injected into the active region were 
the optical tnode propagates hence phase modulation of a propagating optical mode 
occurs. By varying the output of the active waveguide with respect to the passive 
waveguide, the resulting output interference pattern could be laterally translated. 
Hence the steering of the optical beam. An applied voltage of 1.65V and driving 
current of 56.5mA was required to achieve a 1t phase shift. 
SOl devices with three terminals have also being investigated. These transistor 
devices use two of the terminals to inject carriers into the wave guiding region and the 
3rd terminal to control the spatial distribution of those carriers. Giguere performed an 
early theoretical investigation of these types of electro-optic modulators in 1990 
[3.25]. His device was a single-gate dual-injection sub-1nicron sized MOSFET [figure 
3.14]. Referring to figure 3.14, the doping concentrations of the n+ and p+ were 
selected to give equal index steps on either side of the channel, namely 
0.5fltn to O.lOfltn 
gate tnetal ate oxide 
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Figure 3.14- Giguere's MOSFET waveguide modulator [3.25]. 
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n+=2.4x1018 crn-3 and p+=l.Ox1018 crn-3• Simulation results showed that the number of 
injected electron-hole pairs in the channel for Vca=0.82V was l.Ox1017 cm-3• A 
resulting gate voltage swing of +22V resulted in ｾｬｬ･ｦｦ＠ of 6x104 at 1.5j..Lm, which 
equates to a 140° phase shift for a device with an interaction length of 1 OOO!J.m. The 
current density varied from 400-800A/cm2 dtuing the gate voltage swing. This is one 
of the lowest current densities reported. However, the device was of sub-micron 
dnnensions resulting in extra fabrication and coupling cornplications. The figure of 
merit obtained was only 6.3°/V/mm. 
Cutolo et al in 1997 also proposed a silicon electro-optic rnodulator based on a three 
terminal device integrated in single-mode SOl waveguide [3.26]. According to the 
authors, the tlu·ee tenninal electronic structure has some definite advantages compared 
to the more common two terminal based devices. The device is illustrated in figure 
3.15 and utilises the free carrier effect to produce the desired refractive index and 
absorption coefficient variations. The authors calculated arnplitude and phase 
tnodulation results for the device. As an amplitude modulator, for an electrical drivi11g 
power of 126mW it was possible to obtain a rnodulation depth equal to 0.2. The 
driving power is quite high and the modulation depth low cornpared to the results 
from some of the two terminal devices reported. However, the switching times for this 
device are much in1proved. A switchi11g time of 5.6ns was reported, which is 
Light in 
Epilayer N 
Si02 Layer 
Substrate 
Figure 3.15- Cutolo's three terminal modulator [3.261. 
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impressive for a multi-micron size device. Furthennore when the device was operated 
as a phase modulator, it exhibits a very high figure of tnerit. The predicted induced 
phase shift per volt per millimeter was equal to approximately 215°, for a driving 
power of 43mW and a switching time of less than 3.5ns. All results were obtained 
theoretically. The authors attribute the improved switching performance as a result of 
the more complex electrical structure, in comparison with two terminal based 
tnodulators. In the proposed modulator the plasma is injected into the optical channel 
by applying a forward voltage to the source and drain. The free carriers in the active 
region are then controlled by means of an applied voltage to the gate terminal. This 
extra terminal provides the ability to vary the localised carrier concentration in the 
active region and hence modulate the propagating optical mode. Additionally, the 
total charge present in the channel is fiXed hence it is possible to achieve shorter 
switching times since carrier drift is faster than carrier injection. The active region of 
the waveguide exhibits larger propagation losses than an SOl passive waveguide. This 
is because confmement of the optical mode in the active region of the device is not 
particularly strong since due to the break in the Si02 buried layer. For exmnple, at a 
wavelength of 1.55f..Lm the total device attenuation is 11.8dB/ctn. Compare this with 
Zhao who reported a propagation loss of only 3.65 dB/em for his device [3 .17]. This 
is a tnajor disadvat1tage resulting from the design of this device. This value of 
propagation loss may be too high for practical devices. 
Resem·ch in SOl active devices has advanced to a stage that at least one company, 
Bookham Technology, has started to market a range of active electro-optic devices. 
They have produced optical transceivers using a fabrication process termed ASOC 
(Active silicon integrated optical circuits) [3.27,3.28]. The Bookhatn transceivers 
guide light from the integrated laser diode into multi-tnicron size single-mode SOl 
waveguides. Light is collected at the output by an optical fibre aligned to the SOl 
waveguide by placement inside an accurately positioned V -groove. 
3.4.4 Suntmary of SOl modulators and switches 
A number of designs of SOl tnodulators and switches that work by the free carrier 
effect have been investigated. The sitnplest of these devices integrate a p+-i-n+ diode 
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into a single straight through SOl waveguide. This type of device, depending on its 
structural design and operating wavelength can operate as either a phase modulator or 
an intensity 1nodulator. Although simple in design these devices offer good 
performance. For example, a simple phase modulator of this type fabricated by Tang 
required a driving current of only 175Nctn2 to achieve a 1t phase shift [3.15,3.16]. 
Additionally, a similar intensity modulator fabricated by Zhao exhibited a large 
modulation depth of 0.96 for an injection current of 45mA with a response tune of 
160ns [3.17]. Variations on the simple device have been investigated. For instance, by 
varying the rib wall angle it is possible to improve carrier injection efficiency of the 
device by up to 20%. Cutolo compared the modulation depth of p+-i-n+ diode 
integrated in a Bragg reflector with a p +-i-n+ diode integrated in a comparable Mach-
Zehnder interferometer [3.20]. He showed that an improvement i11 the Mach-Zehnder 
modulation required three times more power to achieve the smne modulation depth as 
the Bragg modulator. It has also been shown that a sub micron sized Bragg modulator 
that operates via free carrier depletion has a bandwidth of 400Hz, which is an 
improvement of two orders of magnitude over multi-micron size free carrier injection 
devices [3.23]. There is theoretical evidence that a three tenninal transistor device 
integrated in single-mode SOl waveguide has advantages compared to the more 
connnon two terminal devices. The extra terminal has the potential to control the 
localised injected carrier distribution in the waveguiding region. The main 
improvement occurs in the switching characteristics of the device. Cutolo recorded a 
switching time of less than 3.5ns for his three tenninal multi-micron sized device 
[3.26]. 
3.4.5 Other types of silicon based optical active devices 
The devices described thus far have utilised the free carrier effect to control the 
propagating optical mode. This is by no means the only 1nethod that can be used to 
produce active devices in silicon. In this section other methods and types of silicon 
optical active devices that have been studied by different authors will be reviewed. 
Vonsovici et al have theoretically analysed phase modulators that use the Pockel' s 
effect in beta silicon carbide CP-SiC) [3 .29]. P-SiC has an advantage over silicon as it 
exhibits the f1rst order linear electro-optic effect (Pocket's effect). However, the 
technology is very much at an early development stage. Vonsovici et al proved that it 
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was possible to produce ion-unplanted waveguides suitable for phase modulation. 
They calculated a modulation depth of 0.15 for a ｾＭｓｩｃ＠ on silicon device, but to 
achieve this high fields close to the breakdown of ｾＭｓｩｃ＠ were required. Improved 
performance was obtau1ed for ｾＭｓｩｃ＠ on SOl structures. However, the startu1g material 
was not of the highest quality. The authors claim that it will be possible to achieve 
phase modulation for an applied electric field ten times less than the breakdown of B-
SiC if the starting material has a good quality epitaxial layer with low doping. 
Watts et al investigated optical switching and modulation in electromechanical 
tnicrotnachined SOl waveguides in 1991 [3.30]. The author Inodelled and analysed 
two devices. Both devices consisted of a silicon core channel waveguide that was 
used as the input for the active region. A sunilar channel waveguide was used for the 
output. The first device used a micro-cantilever whereas the second device used a 
micro-bridge. Both devices worked by applying a voltage to the device, resulting in a 
deflection of either the micro-bridge or the cantilever beam. This deflection was 
caused by electrostatic attraction and is used to modify the propagating optical mode. 
The author calculated that for a voltage of approxiinately 1 OV it would be possible for 
structures of a few hundred microns in length to have response tunes of the order of 
tens of microseconds. However, this response time is of the order of 1000 tin1es 
longer than that of typical silicon based free carrier electro-optic modulators. 
All of the devices reviewed so far have been discreet components. However, attetnpts 
have been made to fabricate a number of components on a single silicon substrate. For 
example, Nagata et al fabricated a silicon chip integrated with a light etnitting diode 
(LED), photodiode, waveguides and micromirrors in 1995 [3.31]. On the device itself, 
light from the LED is reflected by an aluminium micromirror down a silicon nitride 
(SiN) guiding layer. The SiN guiding layer has a Si02 cladding layer. At the far end 
of the waveguide the light is reflected by a second mirror and then impinges onto a 
silicon n+p junction detector. The author states that the tnirrors have a 60%-70% light 
bending efficiency and the waveguide has optical losses between 0.93 - 1.58 dB/em. 
ElectricaVopticaVelectrical conversion was achieved on a silicon chip using 
waveguides and opticaltnirrors. 
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To date, research has established that active silicon opto-electronic devices are 
possible. The 1nost efficient method of achieving modulation or switching in silicon 
based devices is the free carrier effect. Most of the devices investigated so far consist 
of an active device, usually a p +-i-n+ diode, integrated in various types of SOl rib 
waveguide structures. What is noticeable from the research to date is that there is a 
definite void in the literature regarding improving the efficiency of the active p +-i-n+ 
device itself. In this case, the device efficiency can be defined to be the effect on the 
de and transient device perfotmance. This is the main focus of the work for this thesis. 
The author will investigate and analyse methods of improving the efficiency of the 
active p +-i-n+ diode when configured as an optical modulator. For example, variations 
in the concentrations and profiles of the doped regions, spacings of the doped regions 
and other parmneters like these will be investigated. This will add to the knowledge 
and help to fill the gap in this area of silicon based opto-electronics. Additionally, 
there is an experimental analysis of some of the devices 1nodelled. 
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Chapter4 
Device simulation 
4.1 INTRODUCTION 
The previous two chapters reviewed the considerable amount of literature regarding 
passive and active silicon based optical devices. It has been proven possible to 
fabricate low loss silicon based optical waveguides (e.g. SOl rib waveguides with 
propagation loss of O.ldB/cm) and active devices such as modulators and switches. 
The perfotmance characteristics of these active devices reported in the literature vary 
considerably. Generally they can be categorised as DC and transient petfotmance 
characteristics for multi-tnicron and sub-micron sized devices. For example, tnulti-
micron size devices requiring driving cun-ent density of only 175Ncm2 to achieve a 
1t phase shift with a response time of 160ns (modulation depth equal to 0.96) have 
been fabricated. Device performances for sub micron sized devices are even more 
impressive, with the theoretical demonstration of a 40GHz sub micron sized Bragg 
modulator. However, little research has been conducted on improving the free canier 
injection efficiency of the active device region when configured as an optical 
modulator. For example, a theoretical paper submitted by Pimat proposed and 
analysed a new type of n + npp + silicon electro-optic intensity modulator. The device 
was operated as a mode displacement tnodulator. However, there is no discussion in 
the paper of how to improve the de and transient device efficiency and little 
discussion regarding adopted design strategies. A tnore detailed theoretical 
investigation was conducted by Cutolo et al who proposed a three terminal silicon 
electro-optic modulator. However, the authors were mainly concerned with 
investigating the device perfonnance resulting from utilising the third terminal as a 
gate terminal and not the actual injection efficiency of the active region. In this 
chapter the author will investigate methods of improving the de and transient injection 
efficiency of the active p+-i-n+ region. The de current injection efficiency is defined as 
the refractive index change for a given current density and the transient cun-ent 
injection efficiency is defined as the device rise and fall thnes. For reference, at a 
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wavelength of 1.55J . .Un a refractive index change of 1.55x10-3 is required to achieve a 
1t phase shift for a device of interaction length of 1 OOOj..tm. All the devices modelled 
have interaction lengths of either 500j..lm or 1 OOOj..tm. 
The remainder of the project can be divided into two main parts. The first is a 
theoretical investigation of different methods to improve the de and transient 
efficiency of a p +-i-n+ diode integrated in a SOl rib waveguide. The second part is an 
experimental investigation of sotne of more promising results obtained from the 
modelling. The focus of this chapter is to analyse, discuss and conclude the effects on 
the DC and transient perfotmance of the device resulting from changes to the design 
of the active region and variations on the device operating characteristics from a 
tnodelling perspective. The modelling strategy adopted by the author can be divided 
into three areas. The first area investigates the effects on the de and transient p +-i-n+ 
device performance resulting from variations of p +-i-n+ device parameters such as 
doping concentrations, doping depths and doping window spacing. The second area 
investigates the effects on the device performance due to scaling of the device 
dimensions and the final area models operational effects such as variations in voltage 
biasing. These three areas were chosen for investigation since they have not been 
covered in detail in the literature thus far and since the p +-i-n+ region is a fundatnental 
part of an active silicon device it is felt that this area should be investigated in more 
detail than has been to date. The simulation software package used through out this 
project was provided by SIL VACO Intetnational [4.1]. 
4.2 SILV ACO MODELLING PACKAGE 
4.2.1 Introduction 
SIL V ACO is an all purpose semiconductor modelling suite. The SIL V ACO software 
suite consists of a number of different packages that are used in conjunction to 
analyse device petformance. For this project the author used the Atlas package for 
device simulation, DevEdit for structure implementation and Tonyplot for data 
analysis. SIL V ACO provides extensive modelling capabilities and the range of ideas 
and designs that can be tested are large. The following section describes in detail the 
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SIL V ACO packages used by the author in this project. For each package, this section 
includes descriptions of the theory, the user interface and output infotmation. 
4.2.2 Device Simulation with ATLAS 
The device simulation package ATLAS is the heart of the SIL V ACO modelling 
process and is used to predict the electrical behaviour of the device under 
investigation. The shnulator also provides insight into intetnal physical mechanisms 
associated with operation of the device, such as drift and diffusion of electrons and 
holes and electron-hole recombination rates. Mechanistns such as these are often 
difficult, if not impossible to detetmine experimentally. 
Atlas simulates device characteristics by providing the solution of Poisson's equations 
and the continuity equation for electrons and holes, supported by a series of secondary 
equations that are used to specify pa11icular physical models. ATLAS can operate as 
either a 2-dimensional or as a 3-dimensional device simulator. For our sitnulations 
ATLAS was itnpletnented as a 2-ditnensional simulator, hence all sttuctures/devices 
modelled are assumed to be homogeneous in the third dimension. 
Semiconductor Equations 
ATLAS solves Poisson's equation and the continuity equation for electrons and holes. 
Poisson's equation relates changes in electrostatic potential to local charge densities. 
The continuity equation describes the way that the electron and hole densities evolve 
as a result of transpol1 processes, and recombination processes. 
Poisson's Equation 
Poisson's equation is: 
div (E V 'If)= -p (4.1) 
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Where 'I' is the electrostatic potential, £ is the local pennittivity and p is the local 
charge density. ATLAS defines 'I' as the intrinsic Ferrni potential. The local net 
charge density is the sum of the contributions from all mobile and fixed charges, 
including electrons, holes and ionised impurities. 
The electric field E is the gradient of the electrostatic potential. 
E=-V'I' (4.2) 
Can·ier Continuity Equations 
The continuity equations for electrons and holes are: 
(4.3) 
(4.4) 
where nand pare the electron and hole concentrations, Jn and Jp are the electron and 
hole current densities, Gn and Gp are the generation rates for electrons and holes, Rn 
and Rp are the recombination rates for electrons and holes and q is the magnitude of 
the charge on an electron. 
Secondary Equations 
The basic frmnework for the device modelling is provided by equations 4.1, 4.3 and 
4.4. Secondary equations m·e used to specify particular physical models for Jn, Jp, Gn, 
Rn, Gp and Rp. Charge transpo1t models m·e usually obtained by applying 
approximations and simplifications to the Boltzmann transport equation. The choice 
of transport model influences the choice of generation and recombination model. 
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Carrier Statistics Models 
Fermi-Dirac and Boltzmann Statistics 
The ATLAS default model for carrier statistics is the Boltzmann model. The 
Boltzmann model is an approximation of the Fenni-Dirac tnodel. Electrons in a 
semiconductor lattice in thermal equilibrium at a temperature T obey Fermi-Dirac 
statistics. That is the probability that an electron occupies an available electron state 
with energy c is 
f (c)= 111 + exp ((c- cr) I kT) (4.5) 
where cr is the fermi level and k is the Boltzmann constant. 
In the limit (e- er) >> kT equation 4.5 can be approxhnated to 
f (c)= exp ((cr- c) I kT) (4.6) 
Equation 4.6 is the Boltzmann approxhnation. The use of Boltztnann statistics rather 
than Fetmi-Dirac statistics makes subsequent calculations much simpler. Boltzmann 
statistics approximations becotne less accurate for heavily doped tnaterials. fu this 
case Fetmi-Dirac statistics are necessary to model the carrier statistics of the device. 
In this repott we frequently modelled devices with doped regions with concentrations 
of up to 1020 cm-3, hence it was decided to model the carrier statistics using the Fermi-
Dirac model. 
Drift-Diffusion model 
The simplest fo1m of charge transport that is useful is the "drift-diffusion" model. The 
"drift-diffusion" model has the added advantage that it does not introduce any 
independent variables in addition to 'If, n and p. The "drift-diffusion" model has been 
used extensively for modelling of charge transport. However the approximations 
provided by the model become less accurate for small feature sizes. fu our case the 
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vast majority of devices investigated are ofmulti-tnicron size and therefore the "drift-
diffusion" model is a valid approximation of charge transport. 
The "drift-diffusion" model is the default transpott model used by ATLAS and for 
conduction electrons is as follows: 
J n = 11 q Jln E + q Dn V n (4.7) 
The corresponding equation for conduction holes is: 
(4.8) 
Mobility Models 
Electrons and holes are accelerated by electric fields, but lose momentum as a result 
of various scattering processes. The scattering tnechanistns include lattice vibrations 
(phonons), impurities, other caniers, sutfaces, and other material imperfections. 
Mobility modelling is nonnally divided into two sections. The first section is based on 
electric fields and the second section in terms of mobility modelling in bulk 
semiconductor regions. 
The field effect mobility is expressed in terms of low and high field behaviour. For 
low fields, cru1·iers ru·e almost in equilibrium with the lattice and the mobility has a 
low field value, commonly denoted by the symbol J...Lo. The value of J...Lo changes with 
phonon scattedng and impurity scattering. Phonon scattering increases with lattice 
temperature hence J.Lo decreases and impurity scattering increases with doping 
concentration hence !lo decreases. For higher electric fields the catTier mobility 
declines. This is because caniers that gain energy can take part in a wider range of 
scattering processes. The mean drift velocity at low fields increases linearly with 
increasing electric field. At higher fields this relationship ceases to exist and the tnean 
drift velocity rises much more slowly with increasing electric field, and eventually the 
velocity saturates. The constant velocity is commonly denoted by the sytnbol Vsat· 
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hnpurity scattering is relatively insignificant for energetic carriers, and so Vsat is 
primarily a function of lattice temperature. 
Modelling mobility in bulk material involves: 
( 1) Characterising flo as a function of doping and lattice temperature 
(2) Characterising Vsat as a function of lattice temperature 
(3) Describing the transition between the low field mobility and saturated velocity 
regions. 
In ATLAS there is a choice of several mobility models. One or more mobility models 
should always be specified explicitly. It is possible and often required to specify a 
number of non-conflicting mobility models simultaneously. It is also possible to 
specify a number of conflicting mobility models simultaneously although it is 
necessary to have knowledge of the preference of the mobility models. 
The simplest mobility model used is the concentration dependent model CONMOB. 
This 111odel provides mobility statistics based on a lookup table at 300K for either 
silicon or gallium arsenide. The lookup table uses a sin1ple power law to evaluate the 
mobility of electron and holes at various electron and hole doping concentrations. A 
doping and tetnperature dependent low-field mobility model may be specified when 
modelling variations in lattice temperature on device perfonnance. Another tnobility 
model was proposed recently by D.B.M. Klaassen [4.2,4.3]. Klaassen model applies 
separate mobility to majority and minority caniers. The model includes the effects of 
lattice scattering, impurity scattering, canier-canier scattering, and impurity 
clustering effects at high concentration. The model shows excellent agreement 
between the tnodelled and empirical data for: 
( 1) Majority electron mobility as a function of donor concentration over the range 
from 1014ctn-3 to 1022cm·3 [4.2] 
(2) Minority electron mobility as a function of acceptor concentration over the range 
from 1017cm·3 to 1020cm·3 [4.2] 
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(3) Minority hole tnobility as a function of donor concentration over the range from 
1017cm·3 to 1020cm-3 [4.2]. 
The model also includes temperature dependence, and has demonstrated excellent 
agreetnent between the model and etnpirical data over the range 70K to SOOK [4.3]. 
The Klaassen model accounts for a broader set of effects and has been calibrated over 
a wider range of conditions than any other of the low field bulk mobility models 
offered by Sll.. VACO. As such it is the mobility model used in modelling of the 
devices in this report. 
ATLAS also provides a parallel electric field dependence model FLDMOB. The 
FLDMOB model is used to provide a stnooth transition between low-field and high-
field behaviour. FLDMOB is an essential model and is recotnmended to always be 
specified when modelling a device. 
Recombination models 
There are three recotnbination models that were used in the device modelling. The 
first is the Concentration dependent Shockley-Read-Hall model (CONSRH). The 
standard Shockley-Reed-Hall (SRH) model uses fixed minority carrier lifetimes. The 
CONSRH is an adapted version of the SRH 1nodel and uses concentration dependent 
lifetimes. The CONSRH tnodel is the ATLAS recomtnended standard tnodel for 
silicon recombination statistics. SRH recotnbination is tnodelled as follows: 
Rsrh = pn- ni/ I 'tp [n + nieexp ((Et- Ei) lkT)] + 'tn [p + nieexp ((Et- Ei) /kT)] (4.9) 
where Et is the trap energy level, 'tn and 'tp are the electron and hole lifetimes. For 
CONSRH, 'tn and 'tp are modelled as concentration dependent, as shown in equations 
4.10 and 4.11. 
'tn = 'tno I 1 + (N!Nsrtm) (4.10) 
'tp = 'tpo I 1 + (N!Nsrhp) (4.11) 
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where N is the local (total) impurity concentration and Nsrhn, Nsrbp, 'tno and 'tpo are 
constants. 
The second recombination model is the Auger recotnbination model. Auger 
recombination is important at high electron/hole concentration levels. High levels of 
injected caniers in the intrinsic region of the p+-i-n+ diode will result in increased 
levels of Auger recombination. Auger recombination is modelled using the following 
equation: 
(4.12) 
where c 11 and cp are the Auger recombination coefficients. 
The third recombination model accounts for recombination at semiconductor to 
insulator interfaces. ATLAS accounts for the recombination by considering a surface 
recombination velocity. 
(4.13) 
Jsp = q Vsp ( Ps - Peq) (4.14) 
where Vsnis the surface recombination velocity due to electrons and Vsp is the surface 
recombination velocity due to holes. 
4.2.3 Designing devices with Dev Edit 
Introduction 
Using SIL VACO, the first stage of the modelling process involves designing the 
device. This can be accomplished by two methods. The first tnethod involves writing 
code in DeckBuild to describe characteristics of the device such as the shape and size 
of the device, the device cotnposition, doping concentrations/profiles, 
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composition/size of the contact materials, and mesh size, shape and resolution for the 
device. Starting with a device design on paper and then writing lines of computer 
code to represent all of the required characteristics of this device is tedious and prone 
to inaccuracies. Thankfully, SIL V ACO supplies an editor - DevEdit - designed to 
overcome this problem. 
Structure design 
DevEdit was used for the first stage of the modelling process for the device designs 
investigated. DevEdit's main purpose is to convert the proposed device design from 
the drawing board, into the syntax required by ATLAS to model the device. The 
designer draws his design onto the DevEdit grid, defines the tnaterials, doped regions 
and electrodes where desired. DevEdit contains a large list of tnaterials and dopants 
that the designer can select from for use in his device. If the material and dopants the 
user requires do not exist in the list a facility exists which allows the designer to 
define his own. The designer can also specify which doping profiles shall be used for 
his device. DevEdit includes standard doping profiles, such as constant and gaussian. 
The device electrodes are added to the stlucture after this stage. 
Mesh Designing 
Once the structure has been defined the next stage is to build the mesh. In DevEdit, a 
mesh is a grid that covers all or part of the device sttucture. The mesh consists of a 
number of gridlines positioned on top of the device structure. Gridlines can be at any 
angle, although the majority are usually horizontal or vertical. A mesh grid point is a 
point on the grid where two grid lines cross. 
The data obtained at the mesh points is used by ATLAS to numerically solve the 
equations described in the earlier section titled "Semiconductor Equations" on page 
59. Clearly, designing a good mesh is an itnportant part of the modelling process. The 
more mesh grid points, the greater the accuracy of the rnodelling of the design. 
Defining the tightest mesh possible may seem like a good idea, but in reality a rnesh 
with fewer grid points may provide just as good a solution. The important issue is to 
have a feel for the changes in accuracy of the results due to variations in the nurnber 
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of grid points. It is possible for a well designed tnesh with fewer strategically placed 
grid points to provide a solution as good as a tnesh with tnany more grid points with 
the added advantage of smaller output files and faster solution time. The main 
drawbacks of increasing the number of grid points are the resulting increase in the 
time required by ATLAS to complete the solution and the increased size of the output 
files. The increased solution time may be tolerable for a small number of modelling 
tuns, but for a large nutnber of runs this time may become unacceptable. Ideally one 
would like to limit the number of mesh points and still maintain the accuracy of the 
solution. One method of achieving this is by defining an asymmetrical mesh. An 
asymmetrical mesh has regional variations in gridline/grid points concentration. It 
would be advantageous to have a relatively lcu·ge ntunber of grid points at regions where 
there is likely to be relatively large parameter variations, such as regions which 
exhibit abrupt changes in electrostatic potential or electron and hole concentrations, 
e.g. at a boundary or an interface. For instance, incorporating a relatively large 
concentration of grid points at a pn junction, compared with a relatively small 
concentration of grid points in the bulk device material would be beneficial. 
The designing of the mesh is most easily accotnplished in DevEdit. The designer can 
specify the minimum and maxitnum separations of the gridlines in the x and y 
directions. If the designer only specified the minimutn and maximum gridlines a 
sytnmetrical mesh would be produced. DevEdit includes a number of functions to 
refine the tnesh. These functions include refining the mesh at intetfaces and 
boundaries. It is possible that after the refining process the resulting mesh may still 
not be completely satisfactory. In our case, the refined tneshes often contained 
relatively few mesh points in the region where the optical mode was expected to 
propagate. Then the author would manually re-tnesh the sttucture at these desired 
locations. 
4.2.4 Modelling devices with Deckbuild 
When the device structure and mesh is finalised the next stage is to build an input file 
(deck) that can be understood and executed by ATLAS. The deck contains 
information about the tnodels used in the simulation, bias applied to the device and 
output data. The SIL V ACO application Deckbuild provides a text editor and the 
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functions required to execute the cotnpleted deck. First step for the designer is to 
incorporate the sttucture and mesh file produced by DevEdit into Deckbuild. 
Computer code is appended to the deck, which describes infonnation such as the 
models used in the simulation, method of solution, type of solution and the type of 
output data. The length of the final deck can vary depending on the number of 
individual specifications required. 
For example, these include (although by no tneans an extensive list): 
Group 
Material 
Models 
Methods 
Types of solutions 
Results 
4.2.5 Data analysis with Tonyplot 
Specifications 
Contacts, Electron and hole mobilities, 
Electron and Hole recombination 
coefficients and lifetimes. 
Carrier statistics, Mobility and 
Recombination. 
Gummel, Newton. 
Direct current, Alternating current, 
Transient. 
Data analysis. 
Tonyplot is the SIL VACO application used for data analysis. The stlucture files 
produced by DevEdit and ATLAS can be analysed in Tonyplot. The structure files 
produced by DevEdit contain only device structure and mesh data, whereas ATLAS 
structure files contain considerably tnore information such as I-V characteristics, 
electron and hole concentration, cunent density, electric field, potential and 
recombination rates for a given driving potential. 
The output data produced by ATLAS can be displayed using Tonyplot. The data can 
be displayed in a number of ways as either 2 dimensional or 3 ditnensional plots. Cut 
lines may be added to provide a snapshot of infonnation in a specified direction. 
There are built in functions to petfotm such tasks as integration and averaging. If 
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fiuther calculations are required a facility exists to expott the data to an output file. By 
exporting the electron and hole concentration profiles it is possible to detennine the 
refractive index change versus current density profiles. 
4.2.6 Summary 
SIL V ACO is a powerfi1l software suite that can be used to characterise semiconductor 
devices. The suite consists of a number of applications that can be used by the 
scientist to design, model and then analyse the results for his or her device. For our 
purpose SIL V ACO was used to tnodel a variety of silicon pin optical modulators. 
Figure 4.1 summaries how the different SIL V ACO applications interact together 
StructW"e and Mesh Editol' 
Runtime Output 8 ｾ＠
Struchrre Files I ａＺＭＭｔｾｌＭａＭＭｓ＠ - EJ 
ｾ＠ Visualisation Tool 
Conunand Files 
Solution Files 
Run Time Environment 
Figure 4.1 - SIL V ACO software suite. 
4.3 DEVICES MODELLED 
4.3.1 Introduction 
The modelling that follows will vary paratneters such as p + and n + doping 
concentrations, depth of the p + and n + regions from the surface and changes to the rib 
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waveguide geo1net1y. The effects of these variations have been investigated with the 
overall aim of determining the most efficient device stiucture for a given purpose. 
After the modelling results were analysed, fabrication of some of the more pro1nising 
designs took place at Bookham Technology and at the University of Surrey. However, 
Bookham Technology imposed a nu1nber of fabrication constraints, which have been 
accounted for in the modelling. For example, the basic device st1ucture that was used 
as the starting block for the modelling is illustrated in figure 4.2. The stluctural 
dimensions of this device are those defined by Bookham Technology and are not 
changeable from a fabrication point of view. Although, these st1uctural dimensions 
are fixed this does not restrain the author from theoretically investigating the effects 
on the device de and transient pelfotmance due to changes in the device stluctural 
dimensions. This is indeed the case (Section 4.3.5 Test 4: Scaling devices on page 
90). 
4.3.2 Test 1: Doping profiles 
Introduction 
The following test evaluates the effects on the DC and transient characteristics of a 
p+-i-n+ device due to changes in doping profiles. For this test, variations in doping 
profiles can be classified as concentration, type or depth. Only two types of profiles 
were considered - constant and gaussian - since these types of profile are produced 
during the semiconductor fabrication processes of ion implantation and diffusion 
respectively. The p+-i-n+ device has been modelled with variations in the peak 
gaussian concentrations of then+ and p+ regions, and concentration depth variations of 
the n + and p + regions for the devices with constant doping profiles. Table 4.1 depicts 
the modelling parameters for each device. 
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Table 4.1 -Modelling parameters for each test device. 
Device Doping profile n+ doping n+ doping p+ doping p+ doping 
concentration depth concentration depth 
(cm-3) O.tm) (cm-3) (J.Lm) 
Constl Constant lx10:w 2.5 lxl0 19 
Const2 Constant 1x10:w 1.4 1xl019 
Gaus20 Gaussian lx1020 (peak) ＱｸＱＰ Ｑ ｾ＠ (peak) 
Gaus19 Gaussian lx10 1Y (peak) lx10 1s (peak) 
Gaus18 Gaussian 1xl01lS (peak) lx10 17 (peak) 
Device structure 
Figure 4.2 illustrates the cross section of the active region of the reference device used 
for this test. It was decided by the author that the rib should be of multi-micron 
dhnension and satisfy the single mode conditions for multi-micron sized ribs specified 
by Soref [2.18]. A multi-micron sized device that satisfies the above criteria will 
sitnplify fabrication and allowing efficient coupling to/from single-mode fibres or 
other single-mode devices. Since the standard sized rib fabricated by Bookhmn 
Technology does satisfy the above criteria and Bookham Technology are involved 
with the fabrication side of this project, it was decided to conduct this test using their 
rib dimensions. Each device 1nodelled has the smne geo1netrical dimensions of rib 
height, rib width, guiding layer thickness and buried oxide layer thickness. 
Additionally, p+ and n+ doping widows are located in the smne position on the silicon 
su1face for each device. In all cases the buried oxide layer extends to a depth equal to 
0.4J.Un in thickness. It has been demonstrated by a number of authors that a minimum 
buried oxide thickness of about 0.4J.Lm provides good confinement of the propagating 
optical mode [2.24]. 
All devices were modelled assuming ohmic contacts with no additional contact 
resistance or capacitance. The Shockley-Reed-Hall recombination catTier lifetime in 
the intrinsic region are 'tn = 700ns and 'tp = 300ns, where 1'11 =electron lifetime and 
'tp = hole lifethne. The values of 1'11 and 'tp were chosen as they correspond to an 
intrinsic epilayer doping layer of approximately 1015 cm-3 [3.26]. 
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Figure 4.2 - Cross section of the active region of the device. 
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The five devices modelled will be refened to as Constl, Const2, Gaus20, Gaus 19 and 
Gausl8. Three of these devices - Gaus20, Gaus19 and Gaus18 - have n+ and p+ 
doping regions with gaussian profiles. A cross section of the n + profile from device 
Gaus20 is illustrated in figure 4.3. This is a vertically cut cross-section through the n + 
region from y = 1.59J..lm to y = 4.57J..lin. From the graph, it can be seen that the 
concentration peaks at x = OJ.Lm and decreases to approximately lx10 16cm-3 at a depth 
of about 2.5!J.m. After this point the doping concentration decreases rapidly to zero at 
the buried oxide layer. This type of plot is comparable to that produced by high 
temperature diffusion of a suitable material into the silicon surface. Similar diffusion 
profiles were used for all n + and p + gaussian regions during this test. The doping 
concentration values for device Gaus20 were chosen as they are close to the solubility 
limit for boron and phosphorous in silicon. The peak doping concentration values for 
devices Gaus 19 and Gaus 18 are one and two orders of magnitude less than those of 
device Gaus20 respectively. 
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Figure 4.3- Gaussian doping profile with a peak concentration of lx1020 cm-3• 
The remaining two devices, Constl and Const2 have constant doping profiles. A 
constant doping profile is defined as a profile that has a fixed concentration through 
out the defined area. The concentration outside this area defaults to the background 
level. In practice a constant doping profile could be achieved by tnultiple itnplants of 
a suitable ion into the silicon su1face. For comparison purposes the doping 
concentration of the devices with constant doping profiles (Constl and Const2) was 
chosen to be equal to that of the peak doping concentrations of gaussian device 
Gaus20. However, for devices Constl and Const2 the doping depth of then+ and p+ 
regions from the surface must also be defined. For device Constl the doping depth 
was chosen to be deep. A depth of 2.5J.Lm meant that then+ and p+ regions almost 
reach down to the buried oxide layer. Additionally, a number of other different 
concentration depths were also analysed. Unfortunately it is not possible to display all 
of the variations modelled. However, the results from device Const2 (n+ concentration 
depth of l.4Jlm and a p+ concentration depth of l.7flm) are also described since the 
DC results from this device closely match those fron1 device Gaus20. 
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Simulation results 
Biasing conditions 
The DC characteristics of the concentration test devices were achieved by applying a 
forward voltage to each device. The voltage range was frotn OV to 1.05V. For each 
voltage step, information including the carrier concentration and current density was 
saved in the output sttucture files and then extracted using Tonyplot. Fro1n the 
resulting data, the change in refractive index was then calculated using equation 3.9 
on page 34, and a graph showing the change in refractive index versus cunent density 
for each device was produced. 
The switching characteristics of the devices were evaluated using a transient solution. 
This involved initially applying a reverse bias voltage of -5V to the p +-i-n+ structure 
for a time of 20ns. The reverse bias results in the depletion of fi:ee caniers from the 
intrinsic region. A forward bias step was then applied to the device for 300ns, with a 
1ns rise time and a 1ns fall time. The value of the applied voltage to the anode for the 
forward bias step was chosen so that the steady state induced phase modulation at that 
voltage was approximately 1t radians for a device with an interaction length of 
5001-lm. A final voltage of -5V was then applied. 
The rise time tr is defined, as the time required for the induced phase shift to change 
from 1 Oo/o to 90% of the maxim tun value. Likewise the fall thne tf is defined, as the 
time required for the induced phase shift to change from 90% to 10% of the maximu1n 
value. 
Mesh 
An example illustrating how an unoptimsed mesh affects the output device data 
follows. The device has been modelled four times, each time with a different mesh. 
First the device was modelled with a poorly defined mesh (MESH 1 ). This mesh was 
deliberately unoptimised with maximum mesh spacings (MMS) of 1 Oj..Lm in the x 
direction and 1j..Lm in they direction. A more itnproved tighter mesh was defined for 
the second modelling run (MESH 2- x-direction MMS equal to ＵｾｴｭＬ＠ y-direction 
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MMS equal to 0.5J.lm). The third mesh (MESH 3) was tighter still with an x-direction 
MMS equal to 2.5J.lm, and a y-direction MMS equal to 0.25J.lm. Finally, the same 
device was modelled once more with the same values ofMMS as MESH 3, but with 
optimisation at the material interfaces via a SIL V ACO algorithm (MESH 4 ). This 
algorithm greatly increases the number of mesh points in these regions. The values of 
MMS before interface optimisation are the same for MESH 4 and MESH 3. This 
procedure (MESH 4) was used to create the final mesh for all devices modelled in this 
thesis. The four meshes are illustrated in figure 4.4. 
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Figure 4.4- The different me hes used for optimi ation testing. 
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The IV characteristics for each mesh are illustrated in figure 4.5. It can be seen from 
figure 4.5 that variations in the IV curves depend on the mesh used and that the results 
saturate as the mesh becomes tighter. In fact the IV results for MESH 3 and MESH 4 
are indistinguishable from each other. It is also noted that the deliberately chosen poor 
first mesh (MESH 1) produces the least accurate results. There are disadvantages of 
using a more complex mesh, such as increased solution time and increased output file 
size. In this case, the solution titne for MESH 1 was 1 second with an output file size 
of 11kb, and 120 seconds for MESH 4 with an output size of 250kb. However, this 
small increase in solution time and file size is insignificant compared with the 
advantage of increased results accuracy. 
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Figure 4.5 - IV characteristics from mesh optimisation testing. 
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Injected free carriers in the intrinsic region 
Figure 4.6 shows the injected electron and hole concentrations along a horizontal 
section through the centre of the waveguiding region for the Gaus20 device for 
various applied voltages. The injected plasma shows good uniformity in the intrinsic 
region. The maximum variation in the concentration of the injected carriers through 
the centre of the waveguiding region is seen to be less than 2%. Analogous plots 
along the vertical direction yield the same sense ofunifonnity of injected caniers. We 
can therefore justifiably make the assumption of a constant profile of injected caniers 
in the intrinsic region for the range of voltage biases of interest. This assumption 
simplifies the resulting calculations of change in refractive index and change in 
absorption for the modulator. 
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Figure 4.6 - Injected free carriers along a vertical section Cy=2) through the optical 
channel for the Gaus20 device. Applied voltage CV) = l.OOV for the top plot. 0.92V 
for the middle plot and 0.84V for the bottom plot. 
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Refractive index changes 
Figure 4.7 shows the DC change in refractive index against current density for the test 
devices. The optical wavelength is equal to 1.55flm. Figure 4.7 shows that the change 
in refractive index for all the devices varies non-linearly with applied current density. 
One factor, which contributes to the non-linearity of the change in refractive index 
versus current density relation, is the sub-linear dependence of the change in free 
holes Nh with the change in refractive index (equation 3.9 on page 34 ). Also, as the 
modulators are driven harder, additional free carriers are injected into the intrinsic 
region of the device. 
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Figure 4.7- Change in refractive index against current density for the test devices. 
The increase in the concentration of the intrinsic region results in an increase in the 
Auger recombination rate (At injected carriers concentrations much greater than 
1017cm-3 the Auger recombination becomes the dominant recombination process). 
This results in a reduced lifetime in the intrinsic region and hence the modulator has 
to be driven harder to achieve an equivalent refractive index change than at lower 
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voltages. Of course an increase in the recotnbination of the intrinsic device region will 
result in a faster switching device, i.e. reduction in the rise and falls times of the 
modulator. 
Effects of doping concentration variations 
The DC and transient performance results for the concentrations test devices are 
illustrated in figures 4.7 (DC results), 4.8 (transient results) and table 4.2. Table 4.2 
contains device switching times and also states the device driving current required to 
achieve a 1t phase shift for an active device with an interaction length of 500J.Lm (I7t ). 
Table 4.2 - DC and transient statistics for the concentration test devices with varying 
doping profiles. 
Device n+ doping n+ p+ doping p+ 17t Rise Fall 
concentration doping concentration doping (rnA) time Time 
(cnt.3) depth (cm·3) depth tr tr 
(J!m) (J!m) (ns) (ns) 
Constl lxl020 2.5 ＱｸｬＰ Ｑ ｾ＠ 2.5 8 105 25 
Const2 1x10L.u 1.4 ＱｸＱＰ Ｑ ｾ＠ 1.7 18 164 30 
Gaus20 1x10L.u (peak) 1x101Y (peak) 21 95 22 
Gaus19 1xl01Y (peak) 1x10Hs (peak) 63 110 25 
Gaus18 lx10 11S (peak) 1x10n (peak) >150 * * 
* -not evaluated since the exact value of I1r was not established. 
DC and transient performance 
Figure 4.7 and table 4.2 show that the concentration of the doping regions does indeed 
affect the DC perfotmance of the modulator. The results indicate that an increase in 
the modulator DC performance results due to high doping concentrations. 
For example, the Gaus20 device has a peak doping concentration of 1x1020 cm-3 in the 
n+ region and a peak doping concentration of 1x1019 cm-3 in the p+ region. To achieve 
a 1t phase shift for a modulator with an interaction length of 500Jlm, a forward current 
of I1r = 21mA is required. For a similar device with a peak doping concentration of 
1x1019 cm-3 in then+ region and a peak doping concentration of 1x1018 cm-3 in the p+ 
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region, to achieve a 1t phase shift a forward current of 63rnA is required. 
Consequently there is a reduction in the current required for a 1t phase shift by a factor 
of three, for the modulator with higher peak doping concentration. 
Figure 4.8 shows the change in refractive index versus time for the transient solution 
of the test devices. From figure 4.8 and table 4.2 it can be seen that an increase in the 
doping concentrations of the p + and n + regions results in improvements in the device 
rise and fall times. For example the rise and fall times of the Gaus20 device are 95ns 
and 22ns, compared with the 11 Ons and 25ns for the Gaus 19 device. This corresponds 
to an improvement in rise and fall times of approximately 14% and 12% respectively. 
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Figure 4.8 -Transient solution depicting change in refractive index against time for 
the test devices. 
The device capacitance is an important consideration when calculating switching 
characteristics. SIL V ACO automatically calculates the capacitance of the device, 
which varies with applied voltage. At a forward bias of 1.0V the capacitance is 
approximately 1x10-12 F/J..Lm, which for a device of interaction length 500J..Lm this 
corresponds to a device capacitance of 500pF. Assuming the device is connected to a 
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50 ohm source, the limiting effect on switching time is canier injection and therefore 
when calculating switching characteristics capacitance effects can be ignored. 
An increase in the doping concentration of the p + and n + regions will increase the 
absorption of the optical mode that propagates through the p + and n + regions. The 
increase in doping concentration of the p + and n +regions will also result in an increase 
in the refractive index difference between the intrinsic region and the p + and n + 
regions, hence resulting in a stronger confinement of the propagating optical mode in 
the intrinsic region. Therefore a smaller pottion of the optical mode will propagate in 
the highly doped p + and n + regions. An approxhnation of the absorption during 
dynamic operation can be tnade using equation 3.10 on page 34. Assuming that the 
optical mode is strongly confined in the intrinsic region and the number of injected 
caniers in this region is 5x1017cm-3, from equation 3.10, the absorption a= 7.25 cm-1 
(i.e. -31.5dB/cm). If the active length of the device is 500J.tm then the additional 
optical absorption is approximately 1.6dB. 
Gaussian or Constant doping profiles 
As described earlier, two devices shnilar to the gaussian doped devices but with 
constant doping profiles were are also modelled. These devices are named Constl and 
Const2, and the results from these devices are also shown in figures 4.7 and 4.8 and 
table 4.2. Constl has n+ and p+ regions with doping concentrations of lx1020ctn-3 and 
lx10 19cm-3 respectively and the doped regions extend to a depth of2.5J.tm. Then+ and 
p + doping concentrations are the same as the peak values of the equivalent Gaus20 
regions. For the Gaus20 device the doping concentration approximately equals the 
intrinsic concentration after a depth of about 2.5J.tm vertically downwards from the 
contact. Therefore a direct comparison between the constant doping profile of the 
Constl device and the gaussian doping profile of the Gaus20 device is possible. 
From figure 4.7 and table 4.2 it can be seen that there is a definite hnprovement in DC 
perfotmance for the Constl device. For example, a 1t phase shift is achievable for the 
Constl device with an interaction length of SOOJ.Lm for a driving current of 8mA 
compared with a current of 21 rnA for the Gaus20 device, an improvement of 62%. 
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There is much less difference in the switching characteristics of these devices. In this 
case the Gaus20 device offers the better perfotmance, rise and fall times of95ns and 
22ns respectively, compared with 105ns and 25ns for the Constl device (figure 4.8 
and table 4.2). 
The second constant profile device 1nodelled - Const2 - also has n + and p + doping 
concentrations of lx1020cm-3 and lx1019ctn-3, but differs from Constl in that the 
doping depths of n+ and p+ regions are equal to l.4J..Lm and l.7J.!In respectively. This 
thne the DC performance of the device is comparable to the Gaus20 device, although 
inferior to Constl. In terms of switching thnes, the Gaus20 devices outpetfonns the 
Const2 device by up to 41% (tr = 95ns- Gaus20, tr = 164ns- Const2). 
4.3.3 Test 2: Window spacings 
Test 2 is an evaluation of modulator performance on the p +-i-n+ device due to 
variations in the locations of the p + and n + doping windows. The device chosen for 
this test was the Gaus20 device (table 4.1 ). A plan view of the geometry of the device 
illustrating the position of the doping windows is illustrated in Figure 4.9. The 
variables a and b indicate the distance from the centre of the waveguide to the nearest 
edge of the respective doping windows. The distances of these windows from the 
centre of the waveguide have been varied from 3J.!m to 7J.!m. The original Gaus20 
device has a = b = 5 J.!In. The minimum value of 3 J..Lm was chosen since at this distance 
the window edge is close to the rib edge but does not actually enter the rib itself. 
Hence the doping region is fully contained outside the rib. The larger spacing of7J..Lm 
was chosen for symmetrical purposes. A final variation involved modelling the 
asymmetric device, i.e. the 7J..Lm with 3J..Lm spacing and vice-versa. 
82 
a b 
ｾｉ＠
L 
1'41 ＲＲｾＱ｜＠ .. , ltl ＲＲｾｮ＠ tj 
Waveguide 
Figure 4.9- Location of the doping windows. 
DC characteristics 
The results indicate (Figure 4.1 0) that there is increased DC perfo1mance in te1ms of 
refractive index change against cutTent density if the doping windows are placed close 
to the centre of the waveguide. This is a consequence of the reduction in the cross 
sectional area of the intrinsic region between the p+ and n+ regions. Also with 
decreasing separation of the p + and n + doped regions, the confined region where the 
majority of the optical mode propagates is also reduced. 
A disadvantage is that this may result in an increase in the absorption of the device. If 
we consider that the p + and n + regions are heavily doped, the optical mode 
confinement will be well enhanced laterally and hence absorption due to the tail of the 
optical mode extending into the p + and n + regions will be reduced, although 
conversely the tail of the mode extending into the doped region will suffer increased 
absorption. 
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Assuming the devices have interaction lengths of 500J..Lm, for the two extreme 
positions of the doping windows investigated, the forward current required to produce 
a 1t phase shift On - table 4.3) for the device with the largest values of a and b (a= 
7)..lm and b = 7)..lm) is 22mA. At the other extreme, a= 3J..lm and b = 3J..lm the forward 
current required to produce a 1t pha e shift for this device modulator is 19mA. 
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Figure 4.10- DC performance characteristics due to changes in widow pacings. 
Therefore in this case, increasing the spacing of the doping regions from a= b = 3J1m 
to a= b = 7J..lm results in a driving current increase of 15%. One interesting result is 
that the modulator with doping windows at a= 3J..lm and b = 7)..lm slightly outperforms 
the modulator with doping windows at a= 7J..lm and b = 3J1m, in terms of refractive 
index change again t forward current density. A possible reason for this may be due 
to the higher concentration n+ region being closer to the centre of the rib in the former 
case. 
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Switching characteristics 
Figure 4.11 illustrates the change in refractive index against time variations in device 
window spacing, when a square wave input signal of duration 300ns is applied. The 
results indicate that the distance of the doping regions from the centre of the rib 
significantly affects the switching characteristics of the modulator. An improvement 
of greater than four times in rise and fall times of the transient response results from 
decreasing the separation of the windows from a= b = 7JJm to a= b = 3J..1m. The 
switching times are summarised in table 4.3. 
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Figure 4.11 - Effects on transient performance as a result of variations in the 
positions of the doping windows when a square wave input signal 300ns is applied. 
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Table 4.3 - Performance characteristics resulting from variations in the positions of the 
doping windows. 
Window spacing 11t (rnA) Rise time Fall time 
n (J.tm) P (J.tm) (ns) (ns) 
3 3 19 39 6 
5 5 21 95 22 
7 7 22 184 50 
7 3 21 92 14 
3 7 20 104 32 
Clearly there is an associated improvement in the lateral confinement of the optical 
mode when the p+ and n+ regions are translated towards the centre of the rib. Hence 
this results in reduced switching times due to the reduction in the time taken to fill or 
deplete the area where the opticaltnode now propagates. Also, the modulator with n + 
and p + regions closer to the centre of the rib results in an increased refractive index 
change for a given current density, than a modulator with p + and n + regions futther 
from the centre of the rib. Hence moving the n + and p +regions closer to the centre of 
the rib results in increased DC and transient modulator petfonnance. 
Interestingly when comparing DC results, the opposite situation occurs in that the 
modulator with n+ and p+ regions at a= 31..ltn and b = 71..ltll slightly under performs the 
modulator with n + and p + regions at a = 71..lm and b = 31..lm in terms of rise and fall 
titnes. This is likely to be due to the slightly increased recombination rate in the 
intrinsic region for the modulator with n+ and p+ regions at a= 71..lm and b = 31..lm, or 
due to the different injection situation of the n + and p +regions. 
4.3.4 Test 3: Diffusion depth 
An investigation has been made into the effects on the DC and transient performance 
of a p +-i-n+ device due to variations in the diffusion depth of the p + and n + regions. 
The structure of the device used for the tests is illustrated in figure 4.12. 
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Figure 4.12 - Stlucture of the device used for the diffusion depth tests. 
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Referring to figure 4.12, the device shown is a two terminal p+-i-n+ modulator with rib 
and doping window widths equal to 4Jltn. The value x represents the depths of the p + 
and n + doped regions. The perfonnance of this device was evaluated for three 
different values ofx, namely 0.5Jlm, l.OJlm and 2.0Jlm, with constant doping profiles. 
The device uses constant profiles so that the effect of doping depth variations on 
device perfotmance can be evaluated. Also the doping concentrations of the p + and n + 
regions are equal. The doping depths were chosen to vary frotn a vety shallow depth 
(0.5Jlm) to a very deep depth (2.0Jlm), with the deep value reaching down almost to 
the buried oxide layer. Since constant doping profiles are usually produced by ion 
implantation the values were also chosen with the depth limitations of this process in 
mind. 
The results of the DC and transient performance are illustrated in figure 4.13 and 
figure 4.14 respectively. Table 4.4 summaries the perfotmance statistics, with In equal 
to the fotward driving current required to achieve a 1t phase shift for a modulator with 
an interaction length of 500Jlm. For the tnodulator with the deeper diffusion depth 
{2Jlm) a fotward cuiTent of 17mA was required to achieve a 1t phase shift, whereas for 
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the modulator with the shallower diffusion depth (0.5J.Lm) a forward cun·ent of 32mA 
was required to achieve a 1t phase shift. Hence in this example, almost twice the 
device driving current was required as a result of decreasing the diffusion depth of the 
p + and the n + doped regions. 
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Figure 4.13 - Effects on DC performance as a result of variations in p + and n + doping 
depth. 
The transient response also yielded improvements in the rise and fall times for the 
modulators with increased diffusion depths. The rise and fall thnes were 171 ns and 
28ns respectively for the modulator with the shallower diffusion depth (0.5J..Lm), 
whereas the rise and fall times for the modulator with the deeper diffusion depth 
(2.0J.Ltn) had decreased to 114ns and 24ns respectively. 
The increase in both the DC and transient performance with increasing diffusion 
depth is partly due to the increase in the number of free electrons and holes, which are 
available for injection in to the guiding region. Additionally, increasing the diffusion 
depth increases the area of the injecting contact adjacent to the wave guiding region. A 
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shallow diffusion depth tends to result in a larger proportion of the injected carries 
residing in the region directly below the doping regions, where a smaller proportion of 
optical mode exists. An increase in the diffusion depth of the p + and n + doped regions 
results in improved injection efficiency of free carriers into the regions where the 
majority of the optical mode propagates. 
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Figure 4.14- Effects on the transient performance as a results of variations in p+ 
and n +doping depths when a square wave input signal 300ns is applied. 
Table 4.4 - Performance characteristics resulting from variations in the depth of the 
doping profiles. 
Doping depth Q.tm) 11t(mA) Rise time (ns) Fall time (ns) 
0.5 32 171 28 
1.0 24 149 26 
2.0 17 114 24 
The above calculations were made for constant concentration profiles. For the case of 
diffused concentration profiles, the profiles will vary with depth but the conclusions 
89 
reached regarding device perfonnance described above will still be applicable. The 
disadvantage in a deep implant or deep diffusion is an increase the complexity and 
cost of the fabrication process. A possible compromise would be to trade the 
fabrication complexity and cost against device perfo1mance, but to what extent is 
dependent on the manufacturers and custo1ners requirements. 
4.3.5 Test 4: Scaling devices 
The devices investigated are based on the lateral pin device illustrated in figure 4.2 on 
page 72. Details of the structural dimensions of the devices n1odelled for this test are 
illustrated in table 4.5. The n+ and p+ doped regions have gaussian doping profile 
extending in they direction. The peak doping for both then+ and p+ is 1x1019cm3• The 
dimensions were chosen so that device scaling 6 is a factor of2larger than scaling 3, 
and scaling 3 is in turn a factor of 2 larger than scaling 1 and so on. 
The following test investigates the effects on the DC and transient performance 
characteristics of a p +-i-n+ modulator due to scaling of the device structure. 
Table 4.5 - Structural dimensions for the scaling devices. 
Device Rib width (J.Lm) Height H (J.Lm) Height h (J.Lm) 
Scaling 0 0.8375 1.0425 0.645 
Scaling 1 1.675 2.085 1.29 
Scaling 3 3.35 4.17 2.58 
Scaling 6 6.7 8.34 5.16 
DC performance 
DC pe1fo1mance statistics for these devices are illustrated in figure 4.15. Perhaps not 
surprisingly the DC performance in terms of change in refractive index versus current 
density improves as the size of the device decreases. Observing the results obtained 
for a device with an interaction length of 500J.Lm (table 4.6) it can be seen that a 
driving current of I1t = 17mA is required to achieve a 1t phase shift for the scaling 0 
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device, whereas currents of 21 rnA and 28mA are required to achieve the same phase 
change for the scaling 1 and 3 devices respectively. 
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Figure 4.15 -Effect on DC performance as a result of device scaling. 
This corresponds to a DC performance improvement of 19% (scaling 0 ->scaling 1) 
and 25% (scaling 1 ->scaling 3). The DC device performance significantly degrades 
for the Scaling 6 device. This change in performance can be attributed to the need to 
drive the device considerably harder to maintain the concentration of carriers in the 
intrinsic region. 
Switching characteristics 
The same transient driving conditions were applied to the scaling devices as those of 
the concentration test devices, namely a reverse bias voltage of -5V for 20ns, 
followed by a positive bias step for 300ns (to inject carriers into the intrinsic region) 
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and then an additional reverse bias voltage step of -5V. Figure 4.16 plot the change 
in refractive index versus time for the scaling devices. 
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Figure 4.16 -Effects on transient performance as a result of device scaling when a 
square wave input signal of 300ns is applied. 
Table 4.6 DC and transient statistics for scaling devices. 
Device Rib width (J.tm) 11t(mA) Rise time (ns) Fall time (ns) 
Scaling 0 0.8375 17 7 1 
Scaling 1 1.675 21 34 5 
Scaling 3 3.35 28 105 24 
Scaling 6 6.7 59 172 120 
The switching performance of the device also improves dramatically with decreasing 
ize. This is the most significant increase for this test. For example, the increa e in 
performance of the Scaling 0 device over the Scaling 1 device is almo t five fold. 
92 
Shnilarly a large increase in device petfotmance of greater than three fold exists 
between the Scaling 3 and Scaling 1 device. 
Summarising, the two main advantages in reducing the size of the modulator are 
lower driving currents and faster switching times. Unfortunately, for devices with rib 
waveguides of the order of one micron or less, efficient coupling of light into the 
waveguide is a more complicated issue. For multi-micron sized waveguides, simple 
coupling techniques such as end fire coupling or butt coupling are easy to implement 
and provide efficient coupling with low losses. However, the techniques of end fire 
coupling and butt coupling are increasingly difficult to implement as the dimension of 
the device decreases, with low efficiency coupling resulting for devices with 
dhnensions of the order of a micron or less. 
In this instance, alternative coupling 1nethods are required. Two methods that provide 
much improved coupling efficiency are prism coupling and grating coupling. Prism 
coupling requires a prism material with a higher refractive index than silicon, which 
significantly reduces the number of materials that can be fabricated into a prism. 
Additional problems include providing a stable mechanis1n to tnount the prism and 
aligning the input beam at the conect angle. 
A grating coupling overcomes the mounting issue as the grating is actually etched into 
the silicon waveguiding surface. The light is then coupled into the waveguide by 
positioning the beam to be directed onto the grating. Even for sub micron devices, 
highly efficient coupling can be achieved with a well fabricated grating. The main 
disadvantage is the additional fabrication complexity required to produce a grating 
stlucture. This is also not a particularly robust technique for commercial devices. 
More robust grating couplers are under development at the University of Suney. 
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4.3.6 Test 5: Three terminal devices 
Thus far all designs investigated have been of a two terminal p-i-n design. In this 
section a number of devices with three terminals will be considered. The devices are 
named after the configuration of their doped regions, namely pnp, npp, nnp and npn 
(figure 4.17). Each combination of three tetminal devices based on one p region and 
two n regions or one n region and two p regions were evaluated. A two terminal pin 
device is also included for comparison. The dhnensions of the devices investigated 
during this test are the same as those of the device used in Test 3: Diffusion depth 
(figure 4.12- page 87). 
Devicepnp n Device nnp 
p I I P n I 
Device npp p Device npn 
n I I P n I 
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Figure 4.17 -Device designs: pnp. nnp. npp. npn and pin. 
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All devices modelled during this test have constant doping profiles with 
concentrations of 1xl020cm-3• The depth of the doped regions is lJ..Lm. Once more both 
the DC and transient solutions were obtained for each device. 
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DC characteristics 
The DC performance characteristics for the three terminal devices are plotted in figure 
4.18. It can be seen that there is not a great deal of difference in terms of change in 
refractive index versus current density for any of these devices. The pnp and npp 
devices are the most efficient with the nnp and npn devices the least efficient. It can 
also be seen that the two terminal pin device performance is mid way between that of 
the pnp, npp and the nnp and npn devices. It must be emphasised that change in DC 
device performance between the best performing and wor t performing devices is 
small compared with the similar test for say the doping concentration te t result . 
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Figure 4.18 - DC performance characteristics for the three terminal devices. 
For example, table 4.7 illustrate DC and transient statistics for the three terminal 
devices. Once more, the column In: represents the current required to achieve a 
1t phase shift for a device with an interaction length of 500f...Lm. It can be calculated 
from table 4.7, that the difference between the be t and wor t DC performing devices, 
pnp (best) and npn (worst) in term of In: is approximately 21%. This value i small 
95 
compared with the DC performance change for other tests, e.g. 4.3.2 Test 1: Doping 
profiles on page 70. For example, in this case reduction in device current of 42mA or 
67% occurred by increasing the peak doping concentration profiles by one order of 
magnitude (Gaus19 -> Gaus20). 
Table 4.7- DC and transient statistics for three terminal devices. 
Device 11t(mA) Rise time (ns) FaD time (ns) 
pnp 2.72 22 2 
npp 2.85 32 1 
pin 3.20 69 12 
nnp 3.40 43 12 
npn 3.46 21 2 
Switching characteristics 
The switching characteristics of the three terminal devices are illustrated in figure 
4.19 and table 4.7 . Once more a square wave of 300ns duration was applied to the 
devices. The rise and fall times for these devices are displayed in table 4.7. The two 
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Figure 4.19 -Transient performance characteristics for the three terminal devices. 
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most efficient devices in tetms of transient petformance ru.·e devices pnp and npn. 
Most notably in this test is that the two tetminal pin device is least three times less 
efficient than the best three tetminal devices. A possible reason for this is that the 
additional doped region inside the rib itself provides extra control over the 
injection/depletion of carriers into the rib during switching. This will result in faster 
switching times and a larger device bandwidth. 
4.3.7 Test 6: Intrinsic region lifetime 
This test focuses on the DC and transient petfotmance characteristics of a pin diode 
resulting frotn vadations in electron and hole recombination lifetimes. The lifetimes 
varied in this test are those of the intrinsic region stru.ting material. The value of these 
lifetimes typically depends on the quality of the starting material. The less impurities 
and defects present in the stru.ting material then the longer the recotnbination lifetime. 
The device used for this test is the pin device illustrated in figure 4.17 on page 94. 
The doping profiles, device dimensions and the DC and transient biasing conditions 
are the same as those of the pin device frotn the previous test. The devices tested had 
intrinsic lifetilnes varying from 3x10-5 seconds to 3x10"8 seconds. 
DC performance results 
Figure 4.20 illustrates the DC perfotmance results for the pin device. The values of 
the electron and hole recombination lifetimes of the intrinsic region investigated in 
this experiment are 3xlo-5 seconds, 3x10"6 seconds, 3x10-7 seconds and 3x10-8 
seconds. This is a typical recombination lifetime range for silicon. The lifethne would 
depend on pru.·ameters such as the amount of residual doping, defects and impurities. 
We can see from figure 4.20 that a significant improvement in the DC performance of 
the device results as the recombination lifetime of the intrinsic region increases. For 
exatnple, for pin devices with interaction lengths of 500J.lln a driving current of less 
than lmA is required to produce a 1t phase shift for the device with an intrinsic region 
recombination lifethnes of 3x10-5 seconds, whereas for the device with lifetimes of 
3x10"8 seconds, a driving cunent of 26mA is required for the same phase shift. The 
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reason for this is that the diffusion length of the carriers injected into the intrinsic 
region increases as the recombination lifetime increases. 
For a real device any impurities or defects present in the intrinsic region of the device 
will increase the recombination rate and therefore reduce the lifetime. We can 
therefore conclude that the best DC performance for a pin device of this nature occurs 
for devices with guiding regions of high quality with little or no impurities, defects etc 
present. Also from an optical point of view low loss silicon guiding materials contain 
little or no impurities or defects. 
-t::.- Intrinsic region lifetime = 3e-5s 
-o-lntrinsic region lifetime= 3e-6s 
1.0x1 0 -2 -o-lntrinsic region lifetime= 3e-7s 
-o- Intrinsic region lifetime = 3e-8s 
-c: 
<:] 
-3 
-
8.0x10 
>< C1) 
"C 
c: 
C1) -3 
> 6.0x1 0 :.;::::; 
(.J 
(.'0 
ｾ＠
C1) 
4.0x10-3 ..... 
. f: 
C1) 
C) 
c: 
-3 (.'0 2.0x10 ｾ＠() 
Ｐ Ｎ ＰｾｾｾｾｾｾＭＭＭＭｾｾｾｾｾＭＭｾｾＭＭＭＭｾｾｾｾｾｾ＠
0.0 5.0x1 o-5 1.0x1 o-4 1.5x1 o-4 2.0x1 o-4 2.5x1 o-4 3.0x1 o-4 
Current density (AIJlfTl) 
Figure 4.20- Effects on DC performance as a result of variations in the lifetime of 
the intrinsic region of the starting material. 
Transient device performance 
The transient performance of the devices with varying intrinsic region recombination 
lifetime has also been investigated. As before in previous tests, a square wave was 
applied to the devices and the rise and fall times measured. Initially a voltage bias of 
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-SV was applied to the device for 20ns. The devices were than ramped up to a 
forward driving voltage of approximately 0.95V. This voltage was chosen as it 
corresponds to the driving voltage required to achieve a change in refractive index of 
approximately 1.55x10-3 (corresponds to a 1t phase shift for that length). There were 
slight variations in the value of the driving voltage for each device. After 300ns the 
device was then reversed biased to -SV. 
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Figure 4.21 -Transient solution for the devices with varying intrinsic region lifetimes. 
Figure 4.21 illustrates the change in refractive index with time for the devices 
measured. We can see from figure 4.21 that there is little difference between the rise 
and fall times of the device with the longest recombination lifetime and the device 
with the shortest recombination lifetime. The device with the longest intrinsic region 
recombination electron and hole lifetimes of 3x10-5 seconds has a rise time of 74ns 
and a fall time of 14ns. Compare these values with the rise and fall times of 60ns and 
IOns respectively for the device with the shortest lifetimes (3x10-8 seconds). The 
device with the longest lifetime performs slightly worse than the device with the 
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shortest lifetime but the transient difference are much smaller than the DC 
differences. Table 4.8 summaries the DC and transient results for the devices. In: is the 
driving current required to achieve a 1t phase shift for a device with interaction length 
of500Jlm. 
Table 4.8 - DC and transient statistics for the devices with vruying intrinsic region 
recombination lifetimes. 
Intrinsic region 
lifetime (s) 
3xl0-6 
I1t(mA) 
0 71 
0.94 
3.20 
26.0 
4.3.8 Test 7: Isolation Trenches 
Rise time (ns) Fall time (ns) 
74 14 
74 14 
69 12 
60 10 
A silicon p+-i-11+ modulator device incotporated into an SOl rib waveguide with Si02 
isolation trenches has been investigated (figure 4.22). The isolation trenches are 
located on either side of the active region of the device. They are formed by etching 
two cavities in the silicon - one on either side of the rib (A and B in Figure 4.22) -at a 
distance d frotn the edge of the lateral n + and p +regions. The cavities have been filled 
with Si02. In practice, the trenches could be fabricated by masking and then etching a 
region on either side of the active device using either chemical etching or reactive ion 
etching, followed by an oxidation process to fill the etched regions with Si02. The 
active device has heavily doped n+ and p+ regions with concentrations of 1x1020 cm-3• 
The doping of the silicon guiding region is lxl0 15 cm-3• The top p+ doped region is 
l.Oj..tm deep, and the lateral n+ and p+ doped regions are l.Sj..tm deep. The active 
region of the device has two tenninals, with the anode comtnon to both p +regions. 
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Figure 4.22- Cross section of the active region of the device with isolation trenches. 
During the device modelling, d was varied from OJ..lm to 80Jlm, with device referred to 
as dO representing the device with d = OJ..lm, d20 has d = 20Jlm etc. The maximum 
value of 80J!m was chosen as this is of the order of the carrier diffusion length. The 
interaction length is defined as the active length of the device in the z-direction. We 
have assumed that all the devices are electrically and optically homogeneous in the z 
direction. For a practical device the isolation trenches are etched in the z direction for 
the same distance as the active region of the device. All other dimensions and doping 
characteristics shown in figure 4.22 remain constant throughout the investigation. 
DC characteristics 
For the steady state characteristics shown in figure 4.23, a bias was applied to the 
device with a range from V = O.OV to V = l.OV. For each bias step the current density 
for the device was obtained and plotted against the refractive index change for the 
device. 
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Figure 4.23 shows the predicted change in refractive index versus current density for 
the device shown in figure 4.22. The distance dis varied from Of..lm to 80fJm. The 
results show that the refractive index change with current density is maximised when 
the trench is positioned adjacent to the lateral doped regions. For a current density of 
3x10-5 Alf..Lm, device dO has a refractive index change of 3.22x10-3, whereas for 
device d80 a current density of 3x 1 o-5 Alf..Lm results in a refractive index change of 
1.85x10-3• This improvement resulting from etching at d = OfJm instead of d = 80f.lm 
is of the order of 74%. It can also be seen from figure 4.23 that the improvement in 
DC performance obtained falls off rapidly as d increases. For instance the DC 
improvement obtained from dO to d20 is -52% which contrasts with a DC 
improvement of -11% obtained from d20 to d40. The described change in the DC 
performance is due to the presence of free carriers in the region to the left of the 
lateral doped n + region and to the right of the lateral p + doped region, as shown in 
figure 4.23. This leakage current does not contribute significantly to the change in 
refractive index of the guiding region. By reducing the distance d we reduce this 
leakage current. 
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Figure 4.23 DC characteristic for the device of figure 4.20 with varying d. 
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For device dO with an interaction length of 500fJm, we can calculate the current 
required to obtain a 1t phase shift in the optical wave. In this case the current required 
to achieve a 1t phase shift is approximately 4mA. 
Switching characteristics 
The switching characteristics of the device illustrated in Figure 4.24 were evaluated 
by the model using a transient solution. Initially the device was forward bias to 0.94 V 
and then after a time period of 200ns the bias was removed, and OV applied. The rise 
and fall times of the bias step were O.lns. An applied bias of0.94V was chosen for the 
transient solution. 
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Figure 4.24 -The transient solution for the etched rib device of figure 4.20 with 
varying d. 
At this applied potential the number of injected carriers in the intrinsic region of the 
device is between lx10 17cm-3 and lx10 18cm-3. This figure is reasonable for a practical 
operating device. The results from the transient solution are illustrated in figure 4.24. 
The rise and fall devices for the all devices investigated are shown in table 4.9. 
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From the results shown in figure 4.24 and table 4.9, it can be seen that there is small 
change in the rise times. The rise times for the devices d20, d40, d60 and d80 are 
approximately the same, but for device dO the rise time is faster. There is an -18% 
increase in the rise time for the device dO when compared with the other devices 
modelled. The fall times are not affected. 
Table 4.9 Switching times for the etched rib device of figure 4.20 with varying d. 
Device 11t(mA) Rise time (ns) Fall time (ns) 
dO 4 31 4 
d20 10 38 4 
d40 11 39 4 
d60 11 38 4 
d80 12 37 4 
Summary of device results with isolation trenches 
A study of the effect of varying the lateral position of Si02 rib walls on the DC and 
transient performance of a plasma dispersion optical modulator has been made. The 
results suggest that it is possible to obtain a 74% increase in the DC perfotmance of 
the device and an 18% increase in the transient performance of the device by etching 
a trench adjacent to the doped regions of the modulator. 
4.3.9 Test 8: Voltage ramps 
All the tests thus far have been concetned with fundamental changes to the structure 
of the device itself. The following test is different from previous tests as it 
investigates the transient performance of the three terminal npn and npp devices due 
to different applied voltage steps. 
An evaluation of the device rise and fall times resulting from the application of three 
different voltage steps will now take place. All three voltage steps applied have a 
square wave pattern. A starting voltage is applied to the device for 20ns and then the 
device is then ramped up to the required fotward driving voltage. The forward driving 
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voltage approximately corresponds to that required to obtain a 1t phase shift for a 
device of interaction length of 500J.lm. The device is maintained at this voltage for 
300ns before a subsequent 1 OOns reverse voltage is applied. 
The starting and finishing voltages used in this test are -15V, -5V and OV. 
Switching characteristics for the npn and npp devices 
Figure 4.25 and figure 4.26 illustrate the switching characteristics of the npn and npp 
devices. It can be seen that the rise times for all three voltage steps studied for both 
the npn and npp devices are very similar. Therefore it can be concluded that 
increasing the reverse starting voltage does not significantly influence the injected 
intrinsic region carrier concentration with time. 
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Figure 4.25 -Switching characteristics based on different biasing conditions of the 
npn device. 
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However there is a noticeable change in the fall times for these devices. In this 
instance, changing the starting and finishing voltage from OV to -15V results in an 
improvement in fall time from llns to 0.5ns for the npn device and from 3ns to O.lns 
for the npp device. This corresponds to a 22 fold and 30 fold increase respectively. 
This much increased improvement in fall time is due to the increased electric field 
sweeping the charged carriers from the intrinsic region. 
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Figure 4.26 Switching characteristics based on different biasing conditions of the 
npp device. 
The rise and fall times are summarised in table 4.10. 
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Table 4.10- Table showing the rise and fall times for the npn and npp devices for various 
voltage steps. 
Device Starting/Finishing Rise time (ns) Fall time (ns) 
voltage (V) 
npn -15 21 0.5 
-5 21 2 
0 21 11 
npp -15 30 0.1 
-5 32 1 
0 32 3 
Voltage ramp results summary 
An investigation into the effects of applied voltage steps on the transient perfotmance 
of p+-i-n+ based modulators has been tnade. The results show little effect on the rise 
times but a large difference in the fall times. The fall times hnproved with larger 
reverse biases. This change in fall thnes can be accounted for by the increased electric 
field efficiently sweeping out injected carries. 
4.4 DISCUSSION AND CONCLUSIONS 
In this section a variety of silicon optical modulators for use in the infrared region of 
the electromagnetic spectlum have been modelled. All of the designs n1odelled are based 
around an active region, consisting of a p +-i-n+ diode, incorporated into an SOl rib 
waveguide. Some of the variations that have been investigated include changes to the 
concentration of p + and n + regions of the device, variations in the depths of diffusion 
of the p + and n + regions, comparisons between devices with two and three doped 
regions and tt·ench isolation of the p + and n + regions. The aim of the tnodelling is to 
detetmine how the DC and transient petfotmance of the modulator is affected by such 
variations. The modulator DC petformance is measured in terms of change in 
refractive index against driving cunent density and the transient performance in terms 
of rise and fall thnes for a given refractive index change. In the discussion that 
follows all currents stated are those required to achieve a 1t phase shift are for devices 
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with interaction lengths of 500J..Lm. Likewise, switching times described below are for 
devices with interaction lengths of 500J..Lm. 
The modelling results show that there is an improved DC performance for a 
modulator with heavily doped p and n regions. For instance, a device with an n + 
region doping concentration of lx1020cm-3 and a p+ region with doping concentration 
of lxl019cm-3 requires a cutTent of 21mA to achieve a 1t phase shift. For the satne 
device with ann+ region doping concentration equal to lx10 19cm-3 and a p+ region 
with doping concentration of lx1018cm-3, a driving current of 63mA is required to 
achieve a 1t phase shift. Additionally there is also a small improvement in the transient 
response of the device due to increase in the doping concentrations of the p + and n + 
regions. In this case for the same two devices, the rise thne hnproves from 11 Ons to 
95ns and the fall time from 25ns to 22ns. 
It has also been shown that the DC and transient device perfotmance also improves if 
we increase the diffusion depth of the p + and n + regions. For example, for a device 
with constant n+ and p+ doped regions of concentration lx1020cm-3 and lxl0 19cm-3 
respectively, the current improves from 18mA to 8mA, the rise time from 164ns to 
1 05ns and the fall time from 30ns to 25ns, when the depth of the n + doped region is 
increased from l.4J..Lm to 2.5J..Lm and the p+ doped region from l.7J..Lm to 2.5J..Lm. This 
improvement occurs due to the increased length of the injecting boundary between the 
region where the majority of the optical mode propagates and the n + and p + regions. 
Shnilarly the transient perfo1mance is improved for the same reason. 
One method of improving the transient response of the device is to move the n + and p + 
doped regions closer together. For a device with p + and n +doped regions separated by 
l4J..Lm, the rise thne of the device is 184ns and the fall time 50ns. By decreasing the 
separation to 6J..Lm, the rise and fall times are reduced to 39ns and 6ns respectively. 
The reduced switching times for the device with smaller separation of the p + and n + 
regions occur due to the reduction in the time taken to fill or deplete charged carriers 
from the region where the optical mode propagates. The driving cunent is improved 
slightly from 22rnA to 19tnA. However, an increased absorption of the propagating 
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optical wave is likely to result when then+ and p+ regions are move closer together 
due to a greater proportion of the optical mode penetrating the n + and p + regions. 
Scaling the size of the devices has a significant effect on the DC and transient device 
performance. Both the DC and transient perfonnance is improved by reducing the 
overall size of the modulators. For example, reducing the scaling of the device so that 
the diameter of the rib is reduced from 6.7Jlm to 0.84J..Lm results in a significant 
in1provement in the 1nodulator DC perfo1mance. The improvement is by a factor of 
greater than three (the driving cunent is reduced from 59mA to 17mA) for devices 
with gaussian profile n + and p + regions, with peak doping concentrations of 
lx1019cm-3• Silnilarly the rise and fall times of the transient solution are also 
ilnproved. The rise time is reduced to 172ns to 7ns and the fall tilne from 120ns to 
lns. The main disadvantage of the smaller size is enabling efficient coupling of the 
optical mode. This will usually involve incorporating some sort of grating coupler 
into the st1ucture hence increasing fabrication difficulties. 
The DC and transient pe1formance of various designs of Inodulators with three doped 
regions or three terminals have also been investigated. Hence, in addition to 
investigating the pe1fo1mance of these devices with three terminals, it was possible to 
compare the results obtained with those of the reference pin modulator with its two 
tenninals. The results show that all the devices are almost equally matched in tetms of 
DC performance, but in terms of transient perfo1mance the best three tetminal device 
(design npn) perfotms three times better than the two terminal device. A possible 
reason for this is that the additional doped region present inside the rib of the three 
terminal device provides extra control of the injection /depletion of carriers into the 
rib during switching. 
It has been shown that the initial intrinsic region lifetime has more effect on the DC 
device pe1fo1mance than the transient device performance. A longer intrinsic region 
lifetime results in an improved DC device perfotmance. The driving cunent for a 
device with an intrinsic region lifetime of 3xl o-8 seconds is 26mA, whereas for the 
same device with an intrinsic region lifetime of 3x10-5 seconds the current is< lmA. 
The trade off is that the device with the shorter lifetime does have faster switching 
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times (rise time - 60ns, fall time lOns) compared to the device with the longer 
lifetime (rise time- 74ns, fall time- 14ns), although this is not a significantly great 
hnprovement. The initial intrinsic region lifetime depends upon the quality of the 
starting material. Impurities and defects are likely to result in a starting material with 
a shorter intrinsic region lifetime. 
All the modulators described work by the diffusion and drift of charge carriers from 
the n + and p + doped regions. Ideally we would like all of the caniers to diffuse-drift 
from the n and p doped regions to populate the rib waveguide where the optical mode 
propagates. Unfortunately a finite concentration of carriers diffuse in the opposite 
direction to where the optical mode propagates. By positioning isolation trenches 
adjacent to then+ and p+ regions it is possible to minimise the percentage of carriers 
that diffuse away from the optical tnode and hence improve the DC perfotmance of 
the device. For the devices analysed it was shown that it was possible to improve the 
DC perfotmance of the device by 200% by incorporating an isolation trench adjacent 
to the p+ and n+ doped regions. 
The final test compares the transient perfonnance of two of the three tetminal devices 
by applying various voltage steps. Three different starting voltages were used during 
the testing. The first test involved biasing the device frotn -15V to the voltage 
required to achieve a 1t phase shift and then after a given titne period ramping the 
voltage back down to -15V. The rise and fall times of the devices were then 
calculated. Similar results were obtained for starting/finishing voltages of -SV and 
OV. The results showed that the rise time is not significantly affected by the change in 
the starting and finishing voltages, whereas the fall times are. For example, the rise 
and fall times of the npn device are 21ns and llns respectively for a stmting and 
finishing voltage of OV, and 21ns and O.Sns respectively for a starting and finishing 
voltage of -15V. We can conclude that the injection of carriers into the device 
intrinsic region is not significantly affected by the change in starting/finishing voltage, 
but the depletion of carriers is affected. This is because the increased electric field in 
the latter case efficiently depletes carriers from the intrinsic region. 
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Chapter 5 
Device Fabrication 
5.1 INTRODUCTION 
The previous chapter tnodelled variations on the active region of an SOl tib n1odulator 
with the aim of improving the DC and transient device petformance characteristics. The 
most significant hnprovetnent methods are as follows, heavily doped p + and n + regions 
(up to 1 x 1 020cm-3) with deep diffusion/implantation depths (as far as the buried oxide 
layer), constant doping profiles and etching of isolation trenches adjacent to the p+ and n+ 
regions. These tnodifications particularly itnprove device DC perfotmance 
charactelistics. Improvements in the transient petfonnance occur when the p+ and n+ 
regions are displaced closer to the rib edge. Additionally, some devices with three doped 
regions have hnproved DC and transient device perforn1ance over the n1ore traditional 
p+-i-n+ device with two doped regions. For example, two of the three doped region 
devices investigated have improved DC perfonnance and all of the three regions devices 
investigated exhibited hnproved transient petformance characteristics. Finally, the 
greatest improvement in the DC and transient petfonnance characteristics results from 
reducing the size of the modulators fi·om multi-micron to sub-n1icron size. 
Although the most significant improvements in DC and transient peiformance result from 
decreasing the size of the device to sub-micron, devices of this nature were never 
considered for fabrication as part of this project due to increased fabrication and mode 
coupling complexities. The aim of this project was always to fabricate tnulti-tnicron size 
devices. The multi-micron size devices that offer the greatest DC perfonnance are all 
three tenninal devices. The author submitted two of the three tern1inal device designs to 
Bookhatn Technology [5.1] for fabrication. Two fabrications runs were allocated for this 
project. The designs subn1itted were of the NPN and NPP variety. These devices were 
chosen because device NPP offers excellent DC petformance and device NPN offers the 
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greatest transient perfotmance. Although device PNP exhibits marginally better DC 
pe1fo1mance than the NPP device it was decided to fabticate a sym1netlical and an 
asymmetrical device (in tern1s of doped regions positions) for the first fablication run. 
Unfortunately, none of the devices delivered fi·otn the first fabrication run were 
electrically active. Therefore, the smne designs were resubmitted for the second 
fabrication run which was partially successful in that only the NPN modulators 
functioned electrically. 
At the conception of the project modulator designs were to be submitted by the author to 
Bookham Technology who would then fabricate these devices. Since device petformance 
improves considerably as a result of heavily doped p + and n + regions with constant 
doping profiles it was decided to also fabdcate this type of devices. Unfortunately, 
Bookham Technology's fablication process could only produce devices with gaussian 
profiles and there was no facility available to specify the p+ and n+ doping concentrations. 
However, the fabrication facility at the University of Suney [5.2] was available and could 
be used to produce constant doping profiles of a specified doping concentration. Since the 
fabrication of optical p +-i-n+ based SOI n1odulators have never previously been attempted 
at the University of Surrey, a considerable mnount of work had to be conducted to 
develop a fablication process. However, because the ability existed to produce devices 
with specific doping concentrations and constant doping profiles it was decided that it 
would be worthwhile to fabticate these devices at the University of Surrey. Since in this 
case, the objective was to investigate the device pelformance due to constant doping 
profiles with various specific doping concentrations it was decided to reduce the 
fabrication complexity by producing the less efficient two doped region p +-i-n+ devices 
rather than devices with three doped regions. 
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5.2 BATCH A- DESIGN NPN 
5.2.1 Structure 
In this section we will discuss the first set of devices that were fabticated. The device 
design will be referred to as design NPN. The starting material for these devices was IBIS 
SIMOX [5.3]. A cross-sectional view of the stlucture of this device is illustrated in figure 
5.1. The device is a silicon p+-i-n+ based stlucture, consisting of two highly doped n+ 
regions and one highly doped p + region. The n + regions are located on either side of the 
rib with the p+ region located just below the top of the rib. All of the doped regions have 
gaussian profiles with peak concentrations of lx10 19cm-3 and 5xl 019cnf3 for then+ region 
and p+ regions respectively. Then+ and p+ doping profiles extend vettically downwards 
from the top sutface of the device. Alun1inum is deposited onto the n+ and p+ regions to 
fotm the device contacts. The contacts to then+ regions are connected together dtuing the 
n1etalisation process to create a comn1on cathode. 
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cathode p+ cathode 
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.... ... 
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ｾ＠
/ 
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Figure 5.1 -Cross sectional view of the NPN device. 
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The device is of a sinular design to that of the three tenninal NPN design tnodelled in 
chapter 4 on page 94. The differences between this device and the device modelled in 
chapter 4 are the physical size of the lib, the size of the n + and p + doped regions and the 
peak doping concentration of then+ and p +regions. The device modelled in chapter 4 has 
a rib width of 4.00J..Lm, rib height of 2.00J..Ltn and silicon guiding layer thickness of 4.6J..Lm, 
whereas the fabricated NPN device has a rib width of 3.35j..tm, rib height of 1.59J..Lm and 
silicon guiding layer thickness of 4.l7J..Lm. The peak concentrations of the n+ and p+ 
regions (1 x 1020 cm-3) for the three terminal NPN device tnodelled in chapter 4 are greater 
than those of the fabticated device. Another difference between the device modelled in 
chapter 4 and the fabricated device is the size of then+ and p+ doped regions. All three 
doped regions of the tnodelled device have exactly the same width, whereas for the 
fabricated NPN device then+ regions are considerably wider than the p+ region. In this 
case, the width of then+ regions are 22J..Lm cotnpared with 3.25J..Lm for the p+ region. The 
conclusion we can draw frotn this is that tneasured fron1 the centre of the waveguide the 
fabticated device is laterally n1uch larger than the n1odelled npn device from chapter 4. 
Hence the cross sectional area in which carders are injected is larger. Therefore, the 
fabricated device will have to be dliven harder to sustain a similar concentration of 
injected carders in the region where the majority of the optical mode propagates than for 
the modelled npn device. There is likely to be carrier pooling beneath then+ regions. It is 
expected that the fabricated device will have an inferior DC and transient petfotmance 
compared with that of the concentration modelled device fi·om chapter 4. The letter 'x' in 
figure 5.1 defines the distance fron1 the edge of the doping region to edge of the rib wall . 
All of the devices fabricated by Bookhmn Technology have x equal to 3.325J.Lm. 
5.2.2 Fabrication process 
The device designs that were submitted for fabrication to Bookham Technology were 
influenced by a number of fabtication constraints itnposed by Bookham Technology. 
Ideally, the author would have like to fabricated a tnodulator that incorporates the most 
efficient features desciibed in the modeling. Such a device would be a three tenninal 
device sub-micron sized with high constant doping profiles (1 x1020 cm-3), large depth 
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doped regions, doped regions close to the tib edge and with isolation trenches on either 
side of the doped regions. However, from the onset of this project only multi-1nicron size 
devices were considered for fabrication. The constraints that were imposed by Bookham 
Technology are that only devices with gaussian profiles with diffusion depths and peak 
concentrations specified by their fabtication process were allowed. Also, the ability to 
produce isolation trenches did not exist. Taking into account these constraints, NPP and 
NPN device designs were submitted to Bookham Technology for fabdcation. 
Unfortunately of the devices returned only the NPN devices worked electrically. A 
su1nn1ary of the process used by Bookham Technology to fabricate this device is 
described below. 
Etching of the rib waveguides 
SOl wafers with 4.17j..ln1 thick silicon overlayers were used as the starting matelial. Rib 
waveguides were etched into the silicon wafer using a proprietary dry etch process. The 
silicon etch depth is controlled by the length of time that the wafer is exposed to the 
etchant dtning the process. In this case, the final etch depth, and hence lib waveguide 
height, was equal to ＱＮＵＹｾｌｭ＠ (figure 5.1 ). 
Diffusion of dopants 
Once the lib waveguide stluctures have been etched into the silicon, the next stage in the 
fabrication process involves introducing the dopant atoms by diffusion. A 0.35j..lm oxide 
mask was used to define windows on the sutface of the silicon, which will be used for the 
diffusion process. The first set of windows opened in the oxide mask were used to fotm 
the n+ regions. Once the windows have been defined, diffusion of the dopant can take 
place. Phosphorous in the fonn of POCb gas was the source of the n + dopant. The wafer 
was exposed to POCb gas for a time of 41 minutes at a temperature of 970°C, followed 
by a phosphorous drive-in for 28 minutes at 1 000°C. The same process was repeated for 
the p+ regions. This tirne boron in the fonn of boron disks was the source of the dopant. 
The exposure time was 45tninutes at a temperature of 1010°C, with a drive-in time of28 
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minutes at a temperature of 1 000°C. The final p +and n + doping profiles are illustrated in 
figures 5.2 and 5.3. 
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Figure 5.2- p+ doping profile for the NPN devices. 
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Figure 5.3 - n+ doping profile for the NPN devices. 
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Metalisation 
The final stage in the fabrication process is the formation of the metalisation pattern. A 
mask is used to define the pattern and then aluminum is deposited onto the sample to 
form the contacts. 
Structure of the final chip 
On each chip there are 8 straight waveguides, each with a single active device and 8 
Mach-Zehnder interferometers. The Mach-Zehnder waveguide interferometers have one 
active device on each arm. A photograph of the final chip is shown in figure 5.4. 
Figure 5.4 - A photograph of the chip containing the NPN devices (courtesy of 
Bookham Technology). 
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5.3 BATCH B -DESIGN PIN 
5.3.1 Introduction 
The second batch of devices of design PIN were fabticated by the author and colleagues 
at the University of Suney. An itnpottant modelling result frotn chapter 4 is that device 
petformance considerably improves by using heavily doped p+ and n+ regions with 
constant doping profiles. The decision was made to experitnentally investigate this result 
by fabticating three devices, all with constant doping profiles and concentrations vmying 
frotn 9x1017cm-3 to 8x1019ctn-3• The upper doping concentration value was chosen as it is 
close to the maximutn concentration allowed for silicon due to solubility constraints. The 
doping concentration of the next device fabricated was chosen to be approximately one 
order of tnagnitude less than the device with the greatest doping concentration and the 
final device two orders of magnitude less. Although devices with three doped regions 
have been shown in the n1odelling to be tnore efficient than devices with two doped 
regions, to simplify the fabrication process the devices fabdcated have only one p+ region 
and one n + region. It was not possible to fabricate these devices at Bookham Technology 
(due to their fablication constraints), hence they were fabricated at the University of 
Suney. 
5.3.2 Device design 
The device structure is illustrated in figure 5.5. The device has a db width of 5J..Lm and 
sloping tib walls. The sloping rib walls resulted from the chemical etch process used to 
define the rib waveguide. The sttuctural ditnensions of the waveguide are such that they 
satisfy Sorefs conditions for single mode behaviour. Therefore, the modulator is 
expected to operate as a single mode device. The author has varied the concentration of 
the p+ and n+ impurity regions. Unlike the NPN devices fabticated at Bookham 
Technology, described in section 5.2, the p+ and n+ regions for this device have been 
fabricated by ion itnplantation. Using a series of ion itnplantations at different energies it 
was possible to produce a near constant concentration itnpudty profile. The devices 
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fabricated haven+ and p+ impurity concentrations of either 9x1017ctn-3, 9x1018cn1-3 or 
8x1019cm-3• The fabdcated devices will be refened to as D17, D18 and D19, with the 
concentrations of n + and p + regions of device D 17 approximately equal to 9x 1017 em -3 and 
so on. It will be shown later that the depth of the implant profile is approximately equal to 
ＰＮＸｾｉｮＮ＠ The distance from the edge of the doping region to edge of the rib wall is defined 
by x, with x equal to ＵｾｭＮ＠
This was the only SIMOX starting n1aterial available for device fabrication, and 
unfottunately the SIMOX tnatedal has a buried n+ region just above the buded oxide 
layer. The butied region has a depth of ＰＮＵｾｭ＠ and a concentration of 1x1018cm-3• It is 
likely that the buded n + region will degrade device petfo1n1ance by providing a cunent 
path away from the guiding region, but it is felt that it was still worthwhile to fabricate 
these devices given the benefits of using a constant high concentration doping profile. 
Similar devices are the Const1 and Const2 concentration test devices modelled in chapter 
4 on page 71. 
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Figure 5.5 -Cross sectional view of the PIN design. 
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5.3.3 Fabrication process 
The fabrication process for the PIN devices is described in detail in the following section. 
There are many aspects of this fabrication process that are identical or very similar to 
aspects of the fabrication process for the NPN devices. In the description that follows, 
extra attention will be given to fabrication tasks that are either new or different from 
those described previously. 
Mask design and fabrication 
The author used the Wavemaker software package to design a mask that contained nine 
templates. Three of the templates were used in the resulting fabrication process; the other 
six were assigned to alternative projects. A schematic view of the final mask design is 
illustrated in figure 5.6. The dimension of each individual mask template is 1 Omm by 
10mm. 
Figure 5.6 -Mask used during the fabrication of the PIN devices. 
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The three mask templates that were used in the fabrication process are illustrated in figure 
5.7. One mask was used during the fabrication of the rib waveguide, another for the 
implantation of the p + and n + regions and the final mask for the contacts. 
(a) Rib waveguide (b) p + and n + implant windows 
(c) Contacts 
Figure 5.7- Schematic view of the three mask templates used during the fabrication of 
the PIN devices. 
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Etching of the rib waveguides 
A four-inch SIMOX SOl wafer with an epitaxially grown silicon overlayer of 7 .OJ..Lm was 
the starting material for the fabdcation of the devices. First the wafer was cleaved into 
smaller samples using a diamond scribe. The minit ntun size of each sample was equal to 
mm. The samples were then cleaned 
nds. By doing this, the stnface oxide 
ace of the sample were removed. 
that of an individual mask template, i.e. 1 Otnm by 1 0 
by dipping each sample in buffered HF for 30 seco 
layer and any subsequent debris present on the surf: 
An etching solution consisting of a mixture of thre e chemicals was used for the etching 
process. The chemicals and the ratios of the chetni cals in the solution are illustrated in 
etch rate of the etching solution for 
s with one side painted with thick 
tnples were baked at 1 00°C for 30 
table 5.1. A test was canied out to evaluate the 
SIMOX SOl samples. A number of test sample 
photoresist were used for this test. These test sa 
n1inutes to harden the photoresist. 
Table 5.1 Chemicals used in the etching solution 
Chemical Ratio Percentage 
HF 1:56 1.8 
HN03 40:56 71.4 
H20 15:56 26.8 
A sample was then placed in the etching solution fo r a measured time period. To prevent 
ample during etching the san1ple was the accumulation of bubbles on the surface of the s 
continuously moved in the solution for the duration of the etch process. The sample was 
he hot plate for 30 tninutes. Only the 
ed. A talystep measurement was used 
ng this method, the amount of silicon 
then cleaned and dried by placing the sample on t 
silicon that was exposed to the solution was ren1ov 
to detennine the depth of the removed silicon. Usi 
etched fron1 the surface was recorded to an accuracy of 1/100 of a nucron. This procedure 
test smnple exposed to the etchant for was then repeated for other test samples, with each 
122 
a different time period. Table 5.2 shows the depth of removed silicon (etch depth) against 
exposure time (etch time) at 25°C. 
Table 52 Etch depths and times for the test samples 
Sample Etch time {minutes) Etch depth {Urn) 
1 0.5 0.12 
2 1.0 0.24 
3 2.0 0.44 
4 3.0 0.7 
5 5.0 1.2 
6 10.0 2.4 
A plot of etch depth versus time for the etching solution reveals a linear relationship 
(figure 5.8). Hence, from the graph it was possible to dete1mine the etch time for a given 
etch depth for the etchant if the environmental conditions were the same. The etch time 
required to remove the 2.5J..Lm of silicon required to fo1m the db waveguide offigure 5.1 
was 10 minutes and 25 seconds. 
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Figure 5.8 Graph to show silicon etching rate for the etching solution of table 5.1 
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The first mask template was used to etch the waveguide structures (figure 5.7(a)). A layer 
of thick photoresist was spun onto the surface of the sample and then the sample was soft 
baked on a hot plate at 1 00°C for 30 seconds. The thickness of the photoresist layer was 
approximately equal to 2.7Jllll. The thickness of the photoresist was determined by a 
talystep measurement. With the use of an optical alinger the rib mask template was 
positioned squarely on top of the sample. The sample was then exposed with ultra-violet 
light through the mask template for 3.4 seconds. A saline developing solution was 
applied to the sample. The photoresist that had been exposed to the ultra violet light 
dissolves in the developing solution at a faster rate than the unexposed photoresist. By 
removing the sample from the developing solution after all of the exposed photoresist had 
dissolved, a photoresist copy of the rib structure remained on the surface of the sample. 
To harden the photoresist and help prevent the removal of the photoresist during etching, 
the sample was hard baked for 30 minutes. The long bake increase the probability that the 
photoresist would survive the etch process intact, but with the disadvantage of increased 
difficulty in removing the photoresist afterwards. The sample was then placed in the 
etching solution for the 10 minutes 25 seconds required to etch 2.5 J..Lm of silicon. Once 
more to prevent the accumulation of air bubbles the sample was continuously moved in 
the solution with the utmost care. In addition to the etching of the rib structure, four sets 
of four alignment marks were also etched into the silicon surface. An example of one 
such set of these alignment marks is illustrated in figure 5.9. 
Figure 5.9- A set of four alignment marks used during the fabrication process. 
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These marks are essential for alignment purposes in subsequent fabrication steps. The 
sample was then removed from the etchant, rinsed with de-ionised water and dried with 
flowing gas from the nitrogen gun. By placing the sample in acetone it was possible to 
remove the remains of the photoresist. If required, gentle pressure with a cotton wool bud 
was applied to dislodge the last remnants of the photoresist. A three stage clean of 
ethanol, followed by acetone and then IP A was administered to the sample. The sample 
was again washed in de-ionised water and then placed on the hot plate (1 00°C) for 30 
minutes to assist in the evaporation of any remaining water. The quality of the rib 
structure was observed by placing the sample under a microscope. A talystep 
measurement was used to measure the depth of the etched rib. The above procedure was 
repeated for a number of samples. 
A microscope view of an etched rib is illustrated in figure 5.1 0. 
Figure 5.10- Microscopic view of an etched rib. 
It can be seen that the rib has a width of approximately 5j..tm and sloped rib walls. The 
buried oxide layer can also be seen running horizontally from left to right below the rib. 
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N+ implant process 
The next step involves masking a window on the satnples for the n + implant process. For 
this stage the mask depicted in figure 5.7 (b) was used. As before, a layer of thick 
photoresist was spun onto the sutface of the samples and soft baked. The thickness of the 
layer of photoresist was approxitnately equal to 2.7J..lm. Using an optical aligner, the 
mask was aligned with the conect alignment marks for this stage of fabtication. The 
satnple was then exposed to ultra-violet light for 3.4 seconds followed by development of 
the photoresist using the developer solution. At this point a check was made on the 
quality of the exposed window by observing the sample under a nricroscope. If the 
window was located out of position, had not been developed fully, or the quality of the 
deposited photoresist was satisfactory, it was possible to remove the photoresist using 
acetone, clean the samples and repeat the process. If the quality of the photoresist mask 
passed these tests, then the satnples were baked at 1 oooc for 30 nrinutes to set the 
photoresist. 
Itnplanting the satnples with phosphorous ions fo1n1ed the n+ regions. The energy of the 
phosphorous ions detennines how deep the ions penetrate into the silicon and the final 
concentration of the n+ region depends on the initial ion dose. To create a constant 
implant region a number of itnplants of different energies and dose concentrations was 
required. Table 5.3 sun1n1ades the energies and the doses used to fonn then+ regions for 
devices D17, D18 and D19. The implants were made using the 2MV high-energy 
implanter from the University of Surrey Ion Bean Centre. For our devices, the energies of 
the ions ranged from 40keV to 500keV, with doses vatying from 9x1012cm-2 to 
1x1015cm-2• A high dose at energy of 20keV was applied to increase the probability of 
achieving an efficient contact to the aluminum cathode. The author has n1odelled then+ 
implants for devices D 17, D 18 and D 19 using SIL V ACO. The final n + doping profile for 
each device is illustrated in figures 5.11 ,5 .12 and 5.13. The result was the creation of 
devices with n+ regions of constant implant profile (excluding the high dose contact 
implant at the sutface) with concentration depths equal to approxin1ately 0.8J..ln1. Device 
D17 has an n+ region with an in1plant concentration of 9x1 017cnf3, device D18 has ann+ 
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region with an implant concentration of9xl018cm-3 and device Dl9 has ann+ region with 
an implant concentration of 8xl 019cm-3. After implantation the photoresist was removed 
with acetone and a three stage clean applied. 
Table 5.3 - Phosphorous implant energies and concentrations for devices Dl7. DIS and 
Dl9. 
Energy (ke V) Dose concentration (em -:z) 
DeviceD17 DeviceD18 DeviceD19 
400 1.3xl0u 1.3xl014 l .OxlOD 
350 1.2xl 013 1.2xl014 9.0xl0 14 
260 l.lxl013 l.lxl0 14 8.0xl0 14 
160 l.Ox1013 l.Oxl014 7.0xl014 
110 9.0x10u 9.0xl0u 6.0xl0 14 
50 8.0xl014 8.0xl0 14 8.0xl014 
-- Device D19 - Phosphorous implants 
-- Device 019- Phosphorous implants + anneal 
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Figure 5.11 - A profile of the final n + doping profiles. before and after annealing. for 
deviceD19. 
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--Device 018 - Phosphorous implants 
-- Device 018 - Phosphorous implants + anneal 
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Figure 5.12 - A profile of the final n + doping profiles. before and after annealing. for 
device D18. 
-- Device D17 - Phosphorous implants 
-- Device 017- Phosphorous implants + anneal 
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Figure 5.13 - A profile of the final n + doping profiles. before and after annealing for 
deviceD17. 
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The mask that was used for then+ region implant was also used for the implant that 
created the p + regions. The mask was designed so that when rotated through an angle of 
180° it could be used for the p + implant. As before, a layer of thick photoresist was spun 
onto the samples, aligned with the mask, exposed with ultra violet light, developed and 
hard baked at 100°C for 30 minutes. At this stage the windows for the p+ implant were 
exposed (through the mask) in the photoresist and ready for itnplantation. Boron ions 
were used for the p+ in1plant. The process for the p+ itnplant is the satne as that for then+ 
implant, i.e. a sedes of implants at various energies and doses were tnade to create p+ 
regions with constant doping profiles. The final p+ in1plant concentrations for the devices 
n1i1Tored those of then+ in1plant concentrations for the devices; i.e. device D 19 with ann+ 
iinplant concentration of 8x10 19cn1-3 has a p+ iinplant concentration of 8x10 19cm-3 etc. 
Table 5.4 sun1n1mi.es the energies and the dose concentrations used to fonn the p+ regions 
for devices D 17, D 18 and D 19. For our devices, the energies of the ions ranged from 
20keV to 200keV, with doses varying from 9x10 12cm-2 to lx10 15cm-2• Once more, a high 
dose was used at energy of 20ke V to increase the probability of achieving an efficient 
sutface contact to the aluminum anode. The author has modelled the p+ implants for 
devices D17, D18 and D19 using Sll..VACO. The final doping profile for each device is 
illustrated in figure 5.14, 5.15 and 5.16. After implantation the photoresist was removed 
with acetone and the device cleaned. 
Table 5.4- Boron implant energies and concentrations for devices D17. D18 and D19. 
Energy (ke V) Dose concentration (cm-2) 
DeviceD17 Device Dl8 Device D19 
200 1.3x1013 1.3x1014 l.Ox1015 
150 1.2x10u 1.2x1014 9.0x1014 
110 1.1x1013 l.lxl0 14 8.0x1014 
65 l.Oxl013 l.Ox10 14 7.0xl0 14 
40 9.0xl0 12 9.0xl013 6.0x1014 
20 8.0x1014 8.0x1014 8.0x1014 
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--Device 019- Boron implants 
-- Device 019- Boron implants+ anneal 
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Figure 5.14 - A profile of the final p + doping profiles. before and after annealing. for 
device D19. 
--Device 018 - Boron implants 
-- Device D18 - Boron implants + anneal 
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Figure 5.15 - A profile of the final p + doping profiles. before and after annealing. for 
deviceD18. 
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-- Device D17- Boron implants 
-- Device 017- Boron implants+ anneal 
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Figure 5.16 - A profile of the final p + doping profiles before and after annealing. for 
deviceD17. 
Photoresist mask 
An important characteristic of the photoresist mask is that it must have the required 
properties to protect the unexposed areas of the silicon from the ion implantation process. 
The author has modelled, using SIL V ACO, the range of the boron and phosphorous ions 
in photoresist for the D19 device. For all three devices the values of implant energies of 
the boron ions were identical, therefore we would expect the same ion range in the 
photoresist mask for each device. The same argument can be applied to the range of the 
phosphorous ions in photoresist. The phosphorous and boron implant profile in the 
photoresist mask is depicted in figure 5.17. 
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--Device D19- Photoresist mask - Boron implants 
-- Device D19- Photoresist mask- Phosphorous implants 
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Figure 5.17 - Graph showing the concentration profile of phosphorous and boron 
ions in the photoresist mask after implantation. 
We can see from figures 5.17 that the ion range in photoresist for boron and phosphorous, 
in this situation, is of the order of 1 f.J.m. SIL V ACO predicts that the range of boron ions 
implanted into photoresist is 0.98f..Lm, and the range of phosphorous ions implanted into 
photoresist is 0.83f..Lm. The depth of the photoresist during all implant stages was 
approximately equal to 2.7f..Lm. We can therefore assume that the photoresist mask was 
capable of protecting the unexposed areas of the silicon surface from implantation. 
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Device annealing 
A side effect resulting from the fotmation of then+ and p+ regions by implantation is that 
the in1plantation process by nature is destructive. This results in datnage to the silicon 
after implantation. Annealing is the method of ren1oving this damage and allowing the 
implanted ions to settle into their conect lattice positions. Annealing involves heating the 
satnple to high temperature for a given time period. To save on energy, time and cost it 
makes sense to anneal the samples only once after both then+ and p+ implants have been 
made, rather than do one anneal after the n + implant and a second after the p + hnplant. 
The samples fabdcated were annealed at 950°C for 20 minutes using a 32kW rapid 
thermal annealer. The annealing of the implants has been modelled using SIL V ACO and 
the results illustrated in figures 5.11-5.16. We can see from figures 5.11-5.16, that 
annealing generally flattens any gradients in the implant profile and slightly extends the 
depth of the profile. 
Device contacts 
The final stage of the device fabrication involves the deposition of aluminum contacts 
onto then+ and p+ regions to fotm the cathode and anode respectively. The n1ask depicted 
in figure 5.7(c) was used to forn1 the contacts. Once more, as described during the 
previous two fabdcation stages, a thin layer of photoresist is spun onto the stuface of the 
samples and soft baked on the hot plate at 1 00°C for 30 seconds. Since the process of 
depositing the aluminum for the p + contact is exactly the same as the process for the n + 
contact it makes sense to deposit both the n + and p + contacts at one thne. To prepare the 
samples for this step involves opening windows in the photoresist for both then+ region 
and the p+ region. To achieve this, the contact 1nask (figure 5.7(c)) is aligned with the 
sample in preparation for the exposure of the photoresist layer to ultra violet light. As 
before the photoresist layer is exposed to ultra violet light through the contact mask for 
3.4 seconds. At this stage one of the contact windows has been exposed (it does not 
matter which one). The contact 1nask has been designed so that it can be used for both 
contacts. To expose the opposite contact window in the photoresist, the mask is rotated 
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through 180°, aligned with the sample and then exposed to the ultra violet light for 3.4 
seconds once more. At this stage both contact windows, to the n + and p + regions have 
been exposed. The windows are developed by placing the samples in the developer 
solution until they are fully visible. To aid in the developing process the developer 
solution is stilTed using a glass rod. The samples are then placed under a tnicroscope and 
the quality of the photoresist windows is examined. At this stage it is possible to repeat 
the above process to create the photoresist mask if the quality of the photoresist does not 
meet the required standard. The standard requiren1ent is checked on a purely visual 
observation. Checks were made to see if the windows were aligned in their correct 
positions, were fully developed and the photoresist was not fragmented. The author 
observed that the alignment of the windows was accurate to within a micron, the 
windows were fully developed and the photoresist was not fragmented. The next step is 
to hard bake the photoresist by placing the samples on the hot plate at 1 oooc for 30 
tninutes. At this stage the samples are ready for the deposition of the alumintun contacts. 
An evaporator is used for this ptnpose. A small tnass of aluminun1 wire is placed in the 
evaporation chamber along with the samples. The chamber is sealed and a vactnnn is 
created inside the chamber. The aluminum wire is then heated to 1 000°C. The alun1inutn 
evaporates and a thin layer is deposited over the inside of the evaporation chamber. Since 
the aluminum is deposited all over the inside of the evaporation chamber, it is also 
deposited all over any satnples and anything else placed inside the evaporation chamber. 
The thickness of the deposited layer of aluminum depends on the time that the samples 
are exposed to the heated aluminum wire. An exposure time of approximately 20 minutes 
was used during this experiment. Of course the aluminum is deposited evenly over the 
whole surface of the samples. In order to retnove the unwanted aluminun1 from the 
sutface a lift off process is applied. This involves submersing the samples in acetone and 
gently disturbing the surface of the samples with either a paintbtush or cotton wool bud. 
As the photoresist dissolves in the acetone the aluminum deposited on top of the 
photoresist lifts off leaving behind the contacts to the p+ and n+ regions. The smface area 
of the alutnintnn contacts regions is much larger than the sutface area of the n + and p + 
regions to allow for probing of the contacts. The surface areas of the p+ and n+ regions are 
ＵＰｾＭｴｭ＠ x 1 ＰＰＰｾＭｴｭ＠ whereas the sutface area of the ahnninun1 contact regions are 1 Onun x 
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20mtn. Although the contacts to the p+ and n+ regions are now in position, a further step 
is required to improve the bond between the contacts and the doped regions. This step 
involves a further heating of the sample at a temperature of 550°C for 5 minutes. At this 
stage, the fabrication of the PIN devices was complete. 
5.4 DISCUSSION AND CONCLUSION 
During this chapter the reasons behind the choice of devices selected for fabticated, who 
fabticates them and the fabtication methods employed have been described. If the best 
methods of improving the device DC and transient petfonnance from the modeling 
results are combined, then a three terminal device sub-micron sized with high constant 
doping profiles (lxl 020 ctn-3), large depth doped regions, doped regions close to the rib 
edge and with isolation trenches on either side of the doped regions would be the n1ost 
efficient device. Ideally I would like to fabricate a device of this type, but that was not 
possible. For a start the fabrication side of the project was only concerned with producing 
multi-n1icron size devices. Additionally, at the onset of this project all devices were to be 
fabricated by Bookhan1 Technology. However, Bookhan1 Technology also provided a 
number of fabrication constraints. The constraints that were imposed by Bookham 
Technology are that only devices with gaussian profiles with diffusion depths and peak 
concentrations specified by their fabrication process were allowed. Also, the ability to 
produce isolation trenches did not exist. Taken into account these constraints, it was 
therefore decided to use the facilities at Bookham to fabdcate some three terminal 
devices with gaussian profiles and the facility at the University of Surrey to fabricate 
some devices with heavily doped constant profiles. The devices fabricated by Bookham 
Technology were of the NPP and NPN designs. However only the NPN design devices 
worked electrically. PIN devices were fabticated at the University of Surrey. The main 
differences between the fabrication processes were that the NPN lib waveguides were 
fabricated by a process of ion beam etching (resulting in straight db walls) and the p+ and 
n + regions were produced by diffusion of boron and phosphorous atoms respectively 
resulting in Gaussian doping profiles. 
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The PIN tib waveguides were fabticated by chemical etching and the p + and n + regions 
were produced by ion itnplantation of boron and phosphorous ions respectively 
producing constant doping profiles. Unfortunately the SIMOX starting material used to 
fabricate these devices has a highly doped buried n + region just above the buried oxide 
layer. It is likely that the butied n+ region will degrade device petfonnance by providing a 
cunent path away from the guiding region. However, it is felt that it was still worthwhile 
to fabricate these devices given the benefits of using a constant high concentration doping 
profile. 
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Chapter 6 
Experimental Techniques 
6.1 INTRODUCTION 
If possible, the usual method to validate theoretical data is to attempt to reproduce the 
results experimentally. It would be ideal if we could fabricate and experilnentally test 
all or the most encouraging designs reported in the thesis, but due to time and 
financial constraints, this was not possible. We have fabricated two different device 
designs. These devices were chosen because of their interesting theoretical results. 
For the experimental evaluation of the fabricated devices, a number of tests have been 
applied to the devices. These tests include measuring the electrical and optical 
characteristics of the devices. The following section describes the experimental 
techniques that were used by the author for this part of the project. 
6.2 WAVEGUIDE POLISHING 
6.2.1 Polishing Technique 
To reduce scattering losses and hence maximise the runount of light received at the 
output when coupling light into a waveguide, the waveguide must have end facets of 
high optical quality. A good polishing recipe is one that results in optically flat facets, 
suitable for waveguiding with good reproducibility. Reproducibility in this context is 
defined as the ability to regularly produce good quality facets, when the same recipe 
is applied to a number of different srunples. The author pruticipated in numerous 
polishing attempts, using a number of different recipes with varying degrees of 
success. h1itial polishing tests used satnples of scrap silicon and SO I. The final recipe, 
(i.e. the recipe that was used to polish the devices) was the cuhnination of much trial 
and eiTor and perseverance. This technique that was used will now be described. 
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a) The first stage of the polishing method involved cleaving the sample along both 
end faces. This was achieved by carefully scribing two thin lines (one for each 
facet) onto the surface of the sample with a diamond scribe. The sample was then 
snapped along each line by careful application of pressure using tweezers in a 
forward and backward rocking motion. 
b) Two of the cleaved samples were then positioned back to back and set in wax in a 
Bakelite block srunple holder (figure 6.1). It is possible to mount more than two 
samples in one block, but the author found that two was the optimum nun1ber. The 
best results were achieved when the samples were mounted perpendiculru· to the 
base of the block, pressed firmly together - by pushing the outer glass blocks 
towards each other - while ensuring that no wax became trapped in between the 
two smnples. The heights of the glass blocks were about one millimetre or so less 
than the height of the s1naller of the two samples. 
Bakelite 
block 
25mm 
Figure 6.1- Bakelite block sample holder containing two samples. 
c) The exposed end faces of the samples were then levelled to the height of the 
surrounding glass blocks. This was achieved by positioning the smnple holder by 
hand, face down, onto a rotating wetted polishing wheel (500-grit silicon carbide 
138 
paper). Progress was checked by frequently observing the sample under a high 
power optical microscope - (magnification up to 1 OOOx). 
d) When the above stage was complete, the end faces of the samples, although 
smooth are too coarse for efficient waveguiding. To improve the quality of the 
ends faces, polishing runs using finer and finer grades of silicon carbide paper 
were required. The polishing machine used was a Struers Pedemax 2. Fir t the 
sample holder was mounted inside a bracket suitable for use on the automatic 
polishing machine. The mounting bracket could hold up to three bakelite block at 
any one time (figure 6.2). H required, dummy blocks that did not contain any 
amples were u ed for balancing purpo es. 
Figure 6.2- Mounting bracket used with the Struers Pedemax 2 polishing machine. 
e) A silicon carbide grit paper wa then placed on top of the poli hing wheel. Table 
6.1 lists the grade of grit paper used for each stage of the polishing process. Next 
the mounting bracket was positioned onto the polishing machine. Both the 
polishing wheel and mounting bracket were spun. The mounting bracket was then 
lowered onto the rotating wheel (figure 6.3). The mounting bracket rotated 
clockwise while the polishing surface rotated anti-clockwise. A tap was turned on 
to lubricate the silicon carbide paper with running water. 
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f) After polishing for about 5 minutes, the bracket was removed and the samples 
cleaned with ethanol. Once more to check on progress, the samples were observed 
using the high power optical microscope. If the sample passed this visual test, the 
above process was repeated using the next grade silicon carbide paper (table 6.1 ). 
If the sample did not past the visual test, polishing continued with the arne grade 
silicon carbide paper. 
g) The quality of the end facets after polishing with the 4000 grit silicon carbide 
paper wa much improved, but was still not of a high enough quality for efficient 
coupling of light into and out of the waveguide. Con equently, one additional 
poli bing tage was required. The final polishing stage involved replacing the 
polishing wheel with a 1 ｾｭ＠ cloth wheel. Upon the cloth wheel was sprayed some 
Ｑｾｭ＠ diamond spray. The manufactures of the diamond spray maintain that the 
maximum size of the diamond particles does not exceed 1 ｾｭＮ＠ The poli bing 
procedure was the same as before except that an alcohol lubricant was used 
instead of water. This is perhaps the most critical stage of the polishing procedure. 
The polishing was defined as complete, when the ribs and urrounding 
wave guiding area were clearly defined when viewed under the high power optical 
microscope at 1000x magnification. The samples were then reversed in the block 
Polishing disk 
300mm 
Figure 6.3 -Plan view of the polishing et up - Struer Pedemax 2 polishing machine. 
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and the above polishing process was repeated, this time for the opposite 
waveguide facets. 
Table 6.1- Summary of the polishing procedure. 
Polishing stage Silicon carbide Time Comments 
grit paper or 
spray used 
Stage 1 600 10 tninutes. By hand 
Stage 2 1200 5 minutes. Used the polishing 
tnachine 
Stage 3 2400 5 tninutes. Used the polishing 
machine 
Stage 4 4000 5 minutes. Used the polishing 
machine 
Stage 5 1 J.Lm diamond spray 30-45 minutes. Used the cloth 
polishing wheel 
6.2.2 Summary of the polishing routine 
To reduce scattering losses when using the end fire coupling method for silicon 
waveguides, the surface quality of the polished end faces should be of approximate 
the same order as that of the operating wavelength of the input laser. An equally 
important requiretnent is that the polishing method used is reproducible. One method 
tried was to cleave the san1ple along both end faces, but this method failed to produce 
good reproducible results. The author then devised a polishing recipe using silicon 
carbide grit paper and diamond spray to achieve this goal. The final recipe passed 
both of the requiretnents stated above. 
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6.3 EXPERIMENTAL SET-UP 
6.3.1 Introduction 
The experimental part of the project was used by the author to determine the DC 
pe1formance (in te1ms of phase modulation against driving current), propagation loss, 
absorption loss, maxhnu1n modulation depth and bandwidth for the fabricated 
devices. The set up that was used to determine these devices characteristics was 
dependent upon the waveguide stlucture of the device under investigation. The active 
regions of the fabricated devices were integrated into either a straight rib waveguide 
structure (design PIN and design NPN - figure 6.4) or a Mach Zehnder (MZ) 
waveguide inte1ferometer (design NPN- figure 6.5). 
/Active Device 
.-,--..... , 
I I 
Figure 6.4- Active device integrated into a straight rib waveguide. 
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Figure 6.5 - Active device integrated into an MZ intetferotneter. 
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All of the devices fabricated were designed to utilise the free canier plasma effect to 
phase modulate the propagating optical mode. The free carrier plasma effect will also 
affect the absorption characteristics of the device. We have evaluated the effect on the 
device perfotmance due to phase modulation and the absorption characteristics as a 
result of the free carrier effect. Since determining phase modulation directly is 
difficult (involves the use of a heterodyne detection system), an indirect method was 
implemented. An integrated MZ intetferometer device converts the phase modulation 
directly into amplitude modulation (NPN devices). The resulting amplitude 
tnodulation can then be measured at the output by a suitable infrared (IR) detector. 
However, for the devices integrated into straight rib waveguides this is not the case 
and a free space MZ intetferotneter was constructed (PIN devices). The output from 
the free space MZ interferotneter consists of an intetference pattetn of alternating dark 
and light fringes. This output was detected by an IR camera and displayed on a visual 
display unit (VDU). By observing how the fringes change as a result of driving the 
device, it is possible to detetmine the phase shift produced by the modulator. 
6.3.2 Experimental set up for phase modulation measurements using a free 
space MZ interferometer 
All of the PIN devices fabricated were integrated into straight rib waveguides. 
Detecting phase modulation directly for this type of sttucture requires the use of a 
complex phase coherent optical detection system. Another, n1uch simpler method of 
measuring the phase modulation is to integrate the modulator into a free space MZ 
interferotneter. The free space MZ experimental set-up is depicted in figure 6.6. 
There were two different types of laser that were available for experimental use. The 
first was a Helium Neon (ReNe) gas laser with an operational wavelength of 
1.523J . .Un, and the second an fudium Gallium Arsenide Phosphorous (fuGaAsP) 
semiconductor laser with an operational wavelength of 1.309J..Lm. To obtain an 
interference pattern - using a free space MZ interferotneter - the coherence length of 
the laser must be at least equal to the optical path difference between the two arms of 
the interferometer. Therefore, the ReNe gas laser was the chosen laser for this set of 
tests as it satisfied this criterion (ReNe gas laser- coherence length of the order of 
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tens of meters, InGaAsP semiconductor laser - coherence length of the order of 
centimeters). 
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Figure 6.6- Experimental set up for a free space MZ interferometer. 
The experimental set up is as follows. The light from the gas laser is split into two 
equal halves by the first prism (beam splitter). The light that passes directly through 
the prism is focused onto the input facet of the rib waveguide modulator device via a 
0.85 numerical aperture (N.A.) microscope objective lens. The output beam from the 
gas laser is a low divergence gaussian shape, and can therefore can be focused 
directly via the microscope lens onto the end facet of the sample. The second half of 
the beam that emerges from the first prism is directed towards a mirror. The light is 
then reflected by the first mirror towards a second mirror. The light reflected from the 
second mirror recombines via the second prism with the light emerging from the 
output facet of the device. The output from the MZ interferometer is an interference 
pattern consisting of a series of dark and light fringes. The resulting interference 
pattern can be focused onto an infrared (IR) camera. A personal computer with 
imaging software or a VDU was used to image the light incident on the IR camera. 
The software loaded on the computer has the functionality to capture the optical 
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output frotn the IR camera. The active device is then driven electrically, with the 
electrical driving conditions depending on what characteristics are being investigated 
at that time. Phase modulation resulting from the tnodulator will produce a lateral 
shift of the interference fringes. This will occur when a fotward bias is applied to the 
modulator. We can determine the voltage required for a given phase shift by 
observing the shift in the fringes on the computer or on a VDU attached to the IR 
camera. The waveguide sample, lens, prisms and mirrors are carefully tnounted onto 
micropositioners, which are in turn secured to an optical bench. The laser is mounted 
onto the bench using a supplied bracket. The next stage is to optically align the 
system. Initially the two prisms and the device are removed from the set up and the 
two microscope objective lenses are tnoved close together. The beatn from the laser is 
positioned so that it is incident onto the principle axis of the first lens. Initially this 
positioning does not need to be exact. The IR catnera is positioned in the direction of 
the output beam from the two lenses. By carefully adjusting the position of the lenses 
it is possible to optically align the system so that a shat-p intense optical beatn spot can 
be viewed on the VDU. This is achieved by fine adjustments of the x, y and z axes of 
the micropositioners. At this time the IR camera tnay be replaced by an optical power 
meter and the maximum power recorded, if an intensity measurement is required. 
Once this stage of optical alignment has been completed the next stage is to repeat the 
alignment procedure described above, but this time with the device present. The 
procedure is to switch off the laser, displace the two lenses laterally until a gap exists 
large enough for the device to fit into. The device is mounted onto a metal holder 
before being clamped into place. It is possible to tnove the lenses until they contact 
their respective device facet. The micropositioners that hold the lenses and the device 
in position are adjusted until planar waveguiding can be seen on the VDU. Once 
planar waveguiding is achieved the device is displace laterally until a blight spot 
resulting from rib waveguiding can be seen on the VDU. Coupling is then optimised. 
Unfortunately this technique can be tiine consutning and require a considerable 
amount of experience to catTy out efficiently. The final stage of the set up to create a 
free space MZ interferometer involves positioning the two beam splitting prisms. 
These prism are placed in position, as shown in figure 6.6, the minors in this section 
of the optical path are adjusted, until the spot from this half of the beam can be also 
seen on the VDU. One final small adjustment of the mirrors is required so that this 
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spot is now coincident with the one from the device. At this time, an inte1ference 
patte1n of dark and bright lines was displayed on the VDU. Each device has anode 
and cathode contact pads. Aluminiu1n probes were used to provide the electrical 
contacts to the pads. The probes are gently lowered into position with the aid of 
micropositioners and a microscope. The probes are connected to an amtneter, 
voltmeter and DC power supply. Fotward biasing of the device results in a phase 
change of the beam a1m containing the sample and therefore a shift in the intetference 
pattern occurs. This shift can be measured and the amount of cunent required for a 1t 
phase shift was determined. This method has an additional advantage in that 
variations of the output power of the laser or efficiency of coupling light into the 
waveguide do not affect the accuracy of the measurement. 
6.3.3 Experimental set up for phase modulation and bandwidth Ineasurements 
using an integrated MZ interferometer 
Sotne of the NPN devices were of the integrated Mach-Zehnder (MZ) interferometer 
fonnat (figure 6.5). An integrated MZ interferometer sttucture begins as a single 
waveguide, which divides into two separate waveguides arms at junction A. These 
two waveguide arms travel independently for a short distance before recotnbining to 
fotm a single waveguide once more at junction B (figure 6.5). An optical wave 
propagating through this MZ would couple into both waveguide arms at junction A, 
before recombining to fonn a single optical wave at junction B. If we assume that the 
separation between these waveguide rums is sufficiently large that no significant 
optical coupling between the two occurs, then the optical waves in these waveguides 
will propagate independently of each other. By altering the refractive index of one 
ru·m with respect to the other we can achieve a relative phase shift between the arms. 
The resulting phase modulation is converted into amplitude modulation when the two 
ru1ns recombine at junction B. We can achieve a change in refractive index by placing 
the active device on one or both of the waveguide rums. Figure 6.5 also depicts an 
active device on one rum of the MZ interferometer. By forwru·d biasing the device, 
caniers are injection fi·om the p + and n +regions into the intrinsic region. The injected 
carriers result in a decrease in the refractive index of the intrinsic region. If the 
intrinsic region is placed in the path of the optical mode, modulation of the optical 
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signal occurs. The experimental set-up for the integrated MZ interferometer is similar 
to the set-up used for the straight rib waveguide. This set up is illustrated in figure 6.7. 
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IRcamera 
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.......... ......................... 0 ........... .. 1 J .. ............. ....................... 0 ............................ .. 
tnodulator 
Power meter 
Figure 6.7 -Experimental set up. 
The apparatus was set up in a similar manner to that of the free space MZ 
interferometer set up, that was used to determine the DC phase modulation 
characteristics of the PIN devices. There is however one difference between the two 
set ups. For the integrated MZ device interferometer, the splitting and subsequent 
recombining of the beam to create the free space MZ interferometer is not required. 
As before, optical alignment is achieved without the presence of the waveguide. The 
waveguide is then placed in its position in the set up and optical realignment takes 
place. Once more the device is probed to create the electrical paths to the outside 
world. Once the set-up has been optimised, amplitude modulation measurements can 
be made by recording the change in output optical power for different DC driving 
conditions. The recorded output optical power will exhibit a sinusoidal type behaviour 
with driving current. The difference in current between the peak output power and the 
minimum output power corresponds to the current that is required to achieve a 1t 
phase shift of the propagating optical mode. A power meter consisting of a 
germanium detector and display panel was used for this measurement. Since the 
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difference in optical path distance between the two arms of an integrated MZ is small 
it is possible to use the semiconductor laser as the light source. Therefore, this set of 
measurements were made at a wavelength of 1.309j..Un. The gas laser that was used 
for the free space MZ tests has a low divergent output beam and hence can be focused 
directly onto the waveguide facet by a single lens. Unlike the gas laser, the naturally 
highly divergent beam fi·om the semiconductor laser requires conversion into a 
parallel beam by the combination of two additional lenses. The diameter of the output 
beam varies depending on the choice of these lenses. The resulting parallel beam is 
then focused onto the end face of the sample in the same manner as that for the gas 
laser. The diameter of the beam focused on the waveguide end face was of the order 
of the height of the rib waveguide. The advantage of using an integrated MZ 
waveguide interferometer is evident when perfonning AC measurements. Changing 
fron1 DC to AC configuration, first involves changing the power supply to a signal 
generator. Instead of using a power meter, a fast h1GaAs setniconductor detector (rise 
time< 200ps, fall time< 200ps) attached to an oscilloscope via an amplifier was used 
to detect the output signal. Measurements were then made for increased sine wave 
frequencies until the 3dB bandwidth of the devices is obtained. For comparison, AC 
measurements involving free space MZ devices are n1uch more difficult to achieve. A 
method of monitoring the shift in fringes at AC frequencies is required. This is 
difficult to measure accurately. Therefore, no switching results were obtained for the 
PIN devices. 
Table 6.2 lists the equipment used during the experiments. 
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Table 6.2 -Equipment used in the experimental tests. 
Equipment used 
1.523J.tm ReNe gas Neutral density Getmanium IR Ammeter 
laser filters detector 
1.309J.Un InGaAsP Polarising filters InGaAs IR detector Wires 
semiconductor and amplifier 
laser 
Heavy duty optical Micropositoners 
Power supplies 
Metal probes 
bench 
Microscope Prism beam Voltmeter Microscope 
objective lenses: splitters 
N.A. =0.85 
Infrared video Personal computer Screws, nuts and 
camera with installed bolts 
hnaging software 
6.3.4 Loss measurements 
SOl has been proven by many different authors to be a low loss wave guiding material 
(<l.OdB/cm) at infrared wavelengths. As part of experimental analysis, measurement 
of the waveguide propagation loss for our devices has been made. The following 
section describes the techniques that were used. The method that was used to 
determine the propagation losses of a device was to initially measure the device 
insettion loss and then apply the necessary corrections to obtain the propagation loss. 
The devices used for this measurement were all straight rib waveguides. Propagation 
loss results were obtained for devices of design, NPN and PlN. Once optical 
alignment has been achieved the waveguide insertion loss was detetmined using the 
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following method. First the maximum output power from the detector was recorded 
with no device present (P1), and then the maximutn power output recorded with the 
device present (P2). This was achieved as follows. The device was accurately 
positioned in the beam axis by adjusting the micropositioners. During this procedure, 
a beam splitter was positioned between the output lens and the getmaniutn detector. 
One half of the beam from the beam splitter was directed towards the detector and the 
other half towards an infrared camera. The output from the infrared camera was fed 
into a VDU. Fine adjustments of the micropositioners were petfotmed until maximum 
power output was observed on the detector. The infrared cmnera and VDU were used 
as visual aids during adjustlnent of the micropositioners. When the author was 
satisfied that optimum waveguiding had been achieved, the beatn splitter was 
removed and the tn1e output power of the systetn was recorded. The same 
tneasuretnent was made with the waveguide absent. To improve accuracy, repeated 
measuretnents (at least 10) were 1nade for the waveguide present and with the 
waveguide absent and average results were taken. The equations to calculate the 
device insertion loss, Fresnel reflection loss, mode mismatch loss and propagation 
loss are described below: 
Insertion Loss calculation 
The insertion loss L1 is defined as: 
where: 
L1 = 10 log (Ptl P2) (dB) 
P1 is the output optical intensity with no device present. 
P2 is the output optical intensity with the device present. 
Fresnel reflection loss 
The Fresnel reflection loss (F) is obtained from: 
(6.1) 
F = [ (nt- n2) I (nt + n2)] 2 (dB) (6.2) 
where: 
n1 is the refractive index of air(= 1.0). 
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n2 is the refractive index of silicon (=3.45). 
No1mal incidence is assumed. In our case we have two air/silicon interfaces (one 
input and one output), hence the Fresnel reflection loss is equal to: (1.6 x 2 dB)= 3.2 
dB. 
Mode mismatch loss 
The mode Inismatch loss results fi.·o1n the difference in the mode profile of the input 
bean1 and the mode profile of the waveguide propagating electro1nagnetic wave. In an 
ideal situation the two mode profiles are identical resulting in zero 1node 1nis1natch 
loss. For the propagation calculations, we have assumed the n1odal1nismatch loss to 
be zero. This is a valid assumption since the input bemn spot size is of the order of the 
size of the rib waveguide. The optical set up was designed with this issue in 1nind. 
Propagation loss calculation 
The propagation Lp loss of the waveguide is defined as: 
where: 
Lp = (L1- F- K) I 1 (dB/em) 
L1 = Insertion loss (dB) 
F = Fresnel reflection loss (dB) 
K = Modal mismatch loss (dB) 
1 = sample length (em) 
6.3.5 Absorption loss measurements 
(6.3) 
On forward bias either of the NPN or PIN devices, free caniers are injected into the 
intrinsic region of the device. As a result, a propagating optical 1node through this 
region will experience phase modulation and an increase in optical absorption. The 
change in optical absorption against current has been measured for both the PIN 
devices and NPN devices. In both cases, straight rib waveguides were used to obtain 
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the results. The experimental set up for this experiment is similar to that used to 
measure the DC perfo1mance for the integrated MZ interferometer devices (figure 
6.7). Once the optical components were in place, the next step is to optically align the 
test system. After optical alignment was achieved, the electrical probes were lowered 
onto the device contacts. The device was then checked to see if it was electrically 
active. At this time, a slight adjustment of the microspositioners was required in order 
to optical realign the test system. The prism that splits the light into two beams, with 
one beam incident onto the IR camera and the other onto the optical power rneter was 
then removed (figure 6.7). As a result, all of the output light from the device was 
incident onto the optical power rneter. The device was connected to a DC power 
supply, voltmeter and ammeter. On forward bias of the device, cunent flows and the 
optical absorption of the propagating electromagnetic tnode increased. Measuretnents 
of the output optical power with forward current were obtained. Fro1n these 
measurements it is possible to plot a graph of the change in absorption (dB) against 
cunent (rnA) for the devices under investigation. The absorption measuretnents for 
the NPN devices were obtained at a wavelength of 1.309J..Lm and the absorption 
tneasurements for the PIN devices were obtain at a wavelength of 1.523J..Lm. 
6.3.6 Modulation depth measurements 
The maximum modulation depth was recorded for the NPN devices. The maximum 
modulation depth is defined as the ratio of the maximum/minhnum output optical 
intensity when driving the device. The modulation depth 11 in the case of an intensity 
modulator in which the applied electrical signal acts to decrease the intensity of the 
transmitted light, is given by: 
11 = (lo - I) I lo (6.4) 
where: I is the transmitted optical power and Io is the value of I with no electrical 
signal applied. 
We are interested in the maximum modulation depth. In this case, Io is the maxiinum 
transmitted optical power and I is the Ininimtnn trans1nitted optical power. The values 
152 
of Io and I were obtained from the NPN device DC phase measurements (Section 
6.3.3 on page 146). The devices used were of the integrated MZ interferometer 
variety. The resulting graph of output optical intensity against current was used to 
obtain the values of output optical intensity. In this case, Io is the peak value of output 
optical intensity and I is the minimum value of output optical intensity. The 
experiment was repeated a number of times and an average value of maximum 
modulation depth was recorded. 
6.4SUMMARY 
This chapter describes the experhnentaltnethods used and the calculations required to 
obtain DC performance (in tenns of phase n1odulation against driving current), 
propagation loss, absorption loss, tnaxhnutn modulation depth and switching tin1es for 
the fabricated devices. There were two types of devices, PIN devices and NPN 
devices that were experhnentally tested. The PIN device consisted of an active p+-i-n+ 
region integrated into a straight rib waveguide, whereas the NPN device consisted of 
an active n+-p+-n+ region integrated into one rum of an integrated Mach-Zehnder 
(MZ) interferometer. The first stage involves polishing both waveguide facets for all 
devices to micron-metre accuracy. This reduces coupling losses between the input 
laser optical beam and the waveguide to an acceptable level. Once the polishing stage 
was completed the modulator was placed in position in the experimental set-up. There 
were two basic types of experimental set-up used for testing. The first was used to 
measure the results for the PIN device and involved integrating the device into a free 
space MZ interferometer. This set-up converts the resulting phase !nodulation frotn 
the PIN device to intensity modulation and hence simplifies output measurement 
techniques (it is much easier to detennine intensity Inodulation than phase 
modulation). A different experhnental set-up was used for the NPN devices. Since the 
active region of these devices ru·e incorporated into one rum of an integrated MZ 
interferometers on the chip itself there was no requirement to create a free space MZ. 
In this case the input beam is incident on the device and the output beam collected and 
analysed. It was possible to determine the DC perfotmance, propagation loss and 
absorption loss results for the PIN and NPN devices. Additionally, since the NPN 
devices ru·e integrated in a MZ interferometer, the maximum modulation depth and 
switching times can also be detennined for these devices. 
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Chapter 7 
Experimental results 
7.1 INTRODUCTION 
This chapter describes the experimental results obtained for the NPN devices 
fabricated by Bookham Technology and the PIN devices fabricated at the University 
of Surrey. Details regarding the decisions made why and where to fabricate these 
devices are described in chapter 5, and the experimental techniques used to measure 
the devices are described in chapter 6. There are a number of performance 
characteristics that can be evaluated in order to build up a picture of overall device 
performance. For example, the IV characteristics, loss measurements, DC absorption 
measurements, DC performance and transient performance have all been determined 
for the NPN devices. The IV characteristic is a measure of how good the device is 
electrically, the loss measurements a measure of the optical quality of the device, the 
DC absorption and performance indicate how well the device performs with DC 
currents and the transient performance provide information on the switching ability of 
the device. All the above characteristics except for the transient performance have 
also been determined for the PIN devices. The transient performance was not 
determined for the PIN devices due to extra complexity in the experimental set-up. 
This chapter will describe, analyse and discuss the experimental results obtained to 
comprehensively evaluate the overall performance of the fabricated devices. 
7.2 NPN DEVICES 
7.2.1 Introduction 
The first devices tested were the NPN devices. The active region of these devices is 
illustrated in figure 5.1 on page 113. It can be seen from figure 5 .I that the active 
region consists of three highly doped regions (two n+ regions on either side of a p+ 
region) surrounded by an intrinsic guiding region. This device has three electrodes, 
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one connected to each doped region vvith the two electrodes connected to the n + 
regions joined together to form a common cathode. The third electrode is connected to 
the p + region (anode). On forward bias of the device, free carriers (holes and 
electrons) are injected into the intrinsic guiding region from the doped regions 
resulting in phase and amplitude modulation of the propagating optical mode. 
Two identical chips were fabricated. Each chip has eight straight rib waveguides and 
eight Mach-Zehnder (MZ) rib interferometer waveguides (Figure 5.4 on page 117). 
An active NPN region has been incorporated into four of the straight rib waveguides 
and into each arm of four of the MZ rib interferometer waveguides. The other eight 
devices (four straight rib waveguides and four MZ rib interferometer waveguides) 
contain active NPP regions. Although none of the NPP devices worked electlically, 
50% of the NPN devices did work of which the active lengths of these devices were 
either 500f.ln1 or IOOOJ.lm. For discussion purposes the devices incorporated into 
straight rib waveguides will be referred to as STRSOO and STRIOOO. The naming 
convention was chosen so that the STR part of the name refers to the fact that the 
active device was incorporated into a straight rib waveguide, and the numerical part of 
the name represents the active length of the device in microns. Likewise, the device 
incorporated into the MZ interferometer waveguides will be referred to as MZSOO and 
MZ 1000, the MZ referring to the fact that the active device was incorporated into one 
arm of an integrated MZ interferometer. 
7 .2.2 IV characteristics 
In this section, we will describe both the theoretical and experimental IV 
characteristics for the NPN devices. The IV characteristics are presented as Cartesian 
and log plots. From these plots the electrical performance of the device can be 
evaluated. The Cartesian plot describes how the current varies with applied voltage 
and from the log plot the ideality factor can be calculated. The ideality factor is a 
measure of how the diode behaves compared with the behaviour of an ideal diode. An 
ideal diode has an ideality factor equal to one. 
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The theoretical and experimental IV characteristics for device STR500 are depicted in 
figure 7.1 in Cartesian format. Figure 7. 1 shows a number of similarities between the 
two plots. The shapes of both the theoretical and experimental curves are exponential 
at voltages lower than approximately 0. 7V. At voltages greater than 0. 7V the IV 
characteristics tends towards a linear trend. This effect is more obvious in the 
experimental results than the theoretical results. At these voltage levels carrier 
injection is high and an ohmic like behaviour of the device IV characteristics is 
observed. The resistance of the diode at high injection levels can also be evaluated 
from the IV characteristic and is approximately equal to 12 ohms. It can also be 
observed from figure 7.1 that theoretically the diode requires a voltage of 0. 7V for a 
1 rnA current flow whereas for the experimental results a smaller voltage of only 0. 6V 
is required for a I rnA current flow. Therefore the actual diode conducts more current 
at low voltages than theoretically predicted due to a small leakage current. 
-!:1- Exp. result STRSOO- Active length = 500JlfT1 
-o- Modelling result- Active length = 500JlfT1 
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Figure 7.1 - Current versus voltage for device STR500. 
156 
Figure 7.2 depicts the IV characteristics for device STR500 in log format. The graph 
plots In (1/10) against applied voltage for both the experimental and theoretical 
measurements, where I is the current and I 0 the reverse saturation current. From this 
graph the ideality factor n of the diode can be calculated. For example, a diode with 
an ideality factor equal to one is an ideal diode. There are a number of reasons why 
the ideality factor may not be equal to one. For example, if the diode operates in high 
injection mode then the ideality factor will not be equal to one due to device 
resistance resulting from high injection conditions. 
-D.- Exp. result STRSOO- Active length= 500}liTl 
-o- Modelling result- Active length = SOOJ.llTl 
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Figure 7.2- Ln (I I lo) versus voltage for device STR500. 
The method of calculating the ideality factor is as follows : 
The ideal diode equation is I = Io [ exp ( q V lnkT) - 1 ] 
where: I is the device current (A), Io is the reverse saturation current (A), q is the 
electronic charge (C), V the applied voltage (V), n is the ideality factor, k the 
Boltzmann constant (JK-1) and T the temperature (K). At room temperature (300K), 
kT I q is approximately equal to 0.0259V. 
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Since the gradient of a graph of In (I I Io) against voltage is equal to q I nkT, from this 
value along with some simple mathematics the value of the diode ideality factor can 
be determined. From figure 7.2 it can be seen that both the experimental and 
theoretical plots can be divided into two sections numbered 1 and 2 and the ideality 
factor calculated for both sections. The ideality factors are shown in table 7.1 : 
Table 7.1- Theoretical and experimental ideality factors for device STRSOO. 
Section n (Theoretical) n (Exgerimental) 
1 3.9 1.24 
2 2.4 6.4 
The experimental evidence depicted in figure 7.2 clearly shows that experimentally 
for an applied voltage greater than 0. 7V the current falls off faster than expected due 
to resistance at high injection levels. This resistance was measured from figure 7.1 
and found to be equal to 12 ohms. Additionally, both the experimental and theoretical 
results from devices do not behave ideally otherwise the value of n would be equal to 
1 in both sections. If the devices were behaving ideally then the Cartesian IV plot 
would be exponential. However the ideality factors from figure 7.2 and table 7.1 tell 
us that this is not the case. Tllis is due to resistance at high injection levels and 
therefore the IV characteristics contain both exponential and resistance contributions. 
It can be noted from table 7.1 that there is a large range of values of n. Therefore the 
ideality factor is significantly affected by applied voltage for these devices. 
Figures 7.3 and 7.4 depict the IV characteristics for device STRIOOO in Cartesian and 
log format respectively. The Cartesian IV plot depicted in figure 7.3 for device 
STRlOOO is similar to the Cartesian IV plot for device STRSOO. This time the 
resistance of the diode at high injection levels is approximately equal to 11 ohms 
which is similar to the 12 ohms resistance of device STRSOO. The similarity in 
resistance values is to be expected as the only difference between devices STRSOO 
and STRl 000 is the interaction length of the active region. The logru.ithmic IV 
characteristics for device STRIOOO is depicted in figure 7.4. Once more as in the case 
of device STRSOO, the experimental and theoretical IV plots from figure 7.4 can be 
divided into two sections numbered 1 and 2 and the ideality factor calculated for both 
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sections. The ideality factors are shown in table 7 .2. The ideality factors for device 
STRIOOO follow a similar trend to those of device STR500. As in the case of device 
STR500 resistance at high current levels means that the current falls off faster than 
expected with applied voltage. Hence the ideality factor is not equal to one as it would 
be if the diode was behaving ideally. Additionally, it can be noted from table 7.1 and 
table 7.2 that the theoretical ideality factors are very different for devices STRSOO and 
STRIOOO. For example, for ideality factors for section 1 of devices STRSOO and 
STRIOOO are 3.9 and 5.8 respectively and yet the only difference between the two 
devices is the interaction length so it isn't surprising that the experimental values of 
ideality factor are also rather different. 
-ll- Exp. result STR 1 000 - Active length = 1 OOOJ.llTl 
- o- Modelling result- Active length= 1000J.Lffi 
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Figure 7.3 - Current versus voltage for device STRIOOO. 
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-t:::.- Exp . result STR1000- Active length= 1000J..lffi 
-o- Modelling result - Active length = 1 OOOJ.Lm 
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Figure 7.4 - Ln Q I lo) versus voltage for device STRlOOO. 
Table 7.2 - Theoretical and experimental ideality factors for device STR1000. 
Section n (Theoretical) n <Experimental) 
1 5.8 3.4 
2 2.6 7.7 
The IV characteristics have also been measured for devices MZ500 and MZ 1000. 
These active regions of these devices are the same as those of devices STR500 and 
STR1000 respectively. The only difference is structural, devices STR500 and 
STR1000 are integrated in straight rib waveguides whereas devices MZ500 and 
MZ 1000 are integrated in MZ interferometers. Therefore in theory the electrical 
characteristics of devices STR500 and MZ500 should be the same. This also applies 
to devices STR1000 and MZ1000. Experimentally the IV characteristics for these 
devices are very similar. The Cartesian and logarithmic IV characteristics for devices 
MZ500 and MZ 1000 are depicted in figures 7. 5 to 7. 8. 
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ＭｾＭ Exp. result MZ500- Active length= 500J.1In 
- o- McxJelling result- Active length = 500J1In 
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Figure 7.5 - Current versus voltage for device MZSOO. 
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Figure 7.6 - Ln (I I lo) versus voltage for device MZSOO. 
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-6- Exp . result MZ1000- Active length= 1 OOOJ.llll 
-o- Modelling result- Active length = 1 OOOJ.llll 
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Figure 7. 7 - Current versus voltage for device MZ 1000. 
-6- Exp. result MZ1 000 - Active length = 1 OOOJ.llll 
-o- Modelling result - Active length = 1 OOOJ.llll 
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Figure 7.8 - Ln Q I lo) versus voltage for device MZ1000. 
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7 .2.3 Loss measurements 
Over the past few years, a number of authors have investigated and obtained 
experimental results for the propagation losses of SOl rib waveguides. From these 
results it is now widely accepted that it is possible to fabricate low propagation loss 
SOl rib waveguides that operate in the infrared region of the electromagnetic 
spectrum. For example, propagation losses of the order of 0.1 dB/em have been 
recorded for SOl waveguides [2.17]. As described earlier in chapter 2 on page 7, there 
are a number of various methods of determining the propagation loss of an SOl rib 
waveguide. Each method has its own advantages and disadvantages. In this case, due 
to its simplicity the end fire coupling method was used to determine the propagation 
loss, although the disadvantage of this method is that coupling losses can be difficult 
to determine accurately. This leads to higher values of experimental uncertainty. 
However, this method is adequate since we are only interested in establishing an 
estimation of the propagation loss. The propagation loss provides information 
regarding the optical quality of the waveguide. A waveguide with a low propagation 
loss has better optical quality than a waveguide with a high propagation loss. The 
quality of the guiding layer is affected by parameters such as impurities and defect 
concentrations and the greater the number the larger the waveguide propagation 
losses. For practical applications a low device propagation loss is very important. 
The experimental set up was described in chapter 6 on page 142, and the equations to 
calculate the propagation loss are described on page 150. The loss measurements were 
evaluated for devices STR500 and STRl 000. These devices were incorporated into 
straight rib waveguides, with both end facets of the waveguides polished to a 
roughness of 1 J..tm. The laser used for the experiment was an InGaAsP semiconductor 
laser with an operating wavelength of 1. 3 J.!m and measurements were made for TE 
polarisation. Table 7.1 summaries the loss results obtained for these devices. 
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Table 7.1 -Experimental loss results for the STR500 and STRIOOO devices 
Waveguide Output Po\ver Pt Output Power P2 Insertion loss Propagation 
(tJ.W) (tJ.W) (dB) loss (dB/em) 
STR500 41.2 9.5 6.4 1.8 
STR500 57.0 16.2 5.5 1.3 
STR500 250 73.0 5.4 1.2 
Average 5.7 1.4 
STRIOOO 37.0 7.4 7.0 2.1 
STRlOOO 55.0 14.1 5.9 1.5 
STRIOOO 231 50.0 6.7 1.9 
Average 6.5 1.8 
From table 7.1, it can be seen that the average propagation loss for waveguide 
STR500 is equal to 1.4dB/cm and the average propagation loss for waveguide 
STRIOOO is equal to 1.8dB/cm. These propagation losses are higher than the lowest 
losses reported for SOl waveguides in the literature. The increased propagation losses 
can be accounted for by a number of reasons. Firstly, the lowest propagation loss 
results quoted in . the literature are for passive SOl waveguides. Since our SOl 
waveguides also include active devices with heavily doped p + and n + regions that will 
interact with the propagating optical mode we can expect an increased propagation 
loss. Device STRIOOO is expected to exhibit a greater propagation loss than STR500 
since the interactive length of device STRIOOO is twice that of STR500. Another 
factor is the experimental uncertainty of the end fire method. The total uncertainty in 
the loss measurements as a worse case estimate, is the sum of the uncertainties due to 
the uncertainty in the optical power measurement when using the optical power meter, 
uncertainty in the measurement of the length of the waveguide, Fresnel reflection 
uncertainty and mode mismatch uncertainty. 
An estimation of the uncertainty in the propagation loss measurement will now be 
made. The simplest method of determining this uncertainty is to add together the 
uncertainties due to each contributory factor to produce a 'worse case estimate'. The 
parameters that contribute to the uncertainty in propagation loss measurement are 
optical power meter uncertainty, waveguide length uncertainty, mode overlap 
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uncertainty and Fresnel reflection uncertainty. These parameters and to what degree 
they contribute to the uncertainty is described below: 
Optical power meter uncertainty 
Waveguide length uncertainty 
Overlap integral uncertainty 
Fresnel reflection uncertainty 
± ｏ Ｎ ｬｾｗ＠
±O.lmm 
- 0.15% 
+ 0.48% 
[7.1] 
[7.1] 
The total uncertainty is the sum of the individual uncertainty contributions. The 
propagation loss is calculated using equation 6.3 on page 151. Therefore by including 
the uncertainty contributions into equation 6.3, a maximum (Pmax) and minimum 
(Pmin) value of propagation loss can be evaluated. Pmax and Pmin are equal to: 
P max = (LI + 8L1) - ( F - 8F) - (K - 8K) I (1 - 81) 
Pmin = (L1 - 8L1) - ( F + 8F) - (K + 8K) I (l + 01) 
where: L1 = Insertion loss (dB) 
8L1 = Insertion loss uncertainty (dB) 
F = Fresnel reflection loss (dB) 
BF = Fresnel reflection loss uncertainty (dB) 
K = Modal mismatch loss (dB) 
BK =Modal mismatch loss uncertainty (dB) 
l = sample length (em) 
81 = sample length uncertainty (em) 
Since the insertion loss L is equal to (equation 6.1 on page 150): 
(7.1) 
(7.2) 
(7.3) 
where: P 1 is the output optical intensity with no device present 
P2 is the output optical intensity with the device present 
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It is possible to use this equation to calculate the uncertainty associated with the 
insertion loss. For example, using the first set of values for P1 and P2 for device 
STR500 from table 7.1, i.e. P1 = 41.2J,tW and P2 = 9.5J,tW and including the maximum 
uncertainty of ±0 .1 J! W, leads to the following maximum (Lmax) and minimum (Lmin) 
values of insertion loss for the device: 
Lmax = 10 log (41.3 I 9.4) = 6.43 dB 
L.nin = 10 log (41.1 I 9.6) = 6.31 dB 
Therefore the insertion loss for device STR500 is equal to 6.37 ± 0.06 dB. The 
Fresnel reflection loss is equal to 3.2dB with at uncertainty of +0.48%. Hence the 
Fresnel reflection loss for device STR500 is equal to 3.2dB + 0.015dB. A perfect 
match between the optical mode profile from the laser with that of the waveguide 
would result in a mode overlap uncertainty of zero. However an uncertainty of up to 
0.15% does exist resulting from the different mode profiles of the laser and the 
waveguide and potential optical misalignments between the waveguide and the laser. 
The final contribution to the propagation loss uncertainty is due to the uncertainty in 
the measurement of the length of the waveguide. In this example the waveguide was 
17.6mm in length with an uncertainty of± O.lmm. Hence the maximum length of the 
waveguide is equal to 17. 7mm and the minimum length equal to 17.5mm. 
Applying these uncertainties to equations 7.1 and 7.2 gives: 
Pmax= 1.85 dB/em 
Pmin = 1.75 dB/em 
Therefore the device propagation loss is 1.80dB/cm with an uncertainty of 
± 0.05dB/cm, i.e. 2.8% of value. 
7 .2.4 DC performance character·istics 
The following two sections describe the experimental and theoretical DC performance 
characteristics of the NPN devices with analysis and comparisons between both the 
experimental and theoretical results. The devices used during this test were MZ500 
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and MZIOOO. For these devices, the experimentally obtained DC performance 
characteristics can be split into three categories. The first category describes the phase 
change with current, the second the modulation depth with current and finally the 
change in absorption with current. Ideally, a good phase modulator would exhibit a 
large phase change and consequently a large modulation depth with low absorption 
for a given current. For the theoretical evaluation the device was modelled and plots 
of phase change against current and change in absorption against current were made. 
However, since the thermo-optic effect alters the device refractive index in the 
opposite sense to that of the electro-optic effect, in order to evaluate the DC 
performance characteristics accurately an investigation of the thermo-optic effect on 
device performance must be included. The thermo-optic effect has also been modelled 
and the plot of the device phase change with current includes both the electro-optic 
and thermo-optic effects contributions. The actual device phase change with current is 
then simply a summation of the two plots. From the plot of phase change against 
current, the current required to achieve a 1t phase shift can be determined. Similarly, 
from the plot of change in absorption against current, the resulting increase in 
absorption can also be determined. The plots and values obtained from the modelling 
are compared with those from the experimental results. 
Themo-optic evaluation 
The thermo-optic effect was modelled by including the lattice heat flow equation in 
the SIL V ACO simulations: 
where: C is the heat capacitance per unit volume. 
K is the thermal conductivity. 
H is the heat generation. 
T Lis the local lattice temperature. 
(7.4) 
By including the lattice heat flow equation in the modelling the device temperature 
change with current was calculated. Since silicon exhibits a refractive index change 
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due to temperature of 1.86xl04 * T, where Tis the device temperature (Kelvin) it is 
therefore possible to obtain the resulting device refractive index change due to the 
thermo-optic effect. An evaluation of the thermo-optic effect is important since the 
refractive index change due to the thermo-optic effect is in the opposite sense to the 
refractive index change caused by the free carrier effect. In our case, a large thermo-
optic effect will therefore degrade device performance. 
Experimental 
The experimental set-up used is illustrated in figure 6.7 on page 147. Light from the 
1. 3 J..tm semiconductor laser diode was incident onto the input facet of an integrated 
MZ interferometer. Since the NPN device is incorporated into one arm of this 
interferometer on forward biasing of the device phase modulation of the propagating 
optical mode in the arm containing the NPN device occurs. The resulting phase 
modulation is converted into amplitude modulation when the signal that passes 
through the active device recombines with the reference signal from the adjacent arm. 
The transmitted optical power from the MZ interferometer was then incident onto an 
optical power meter. By plotting a graph of transmitted optical power against driving 
current it is possible to determine the amount of current required to achieve a 1t phase 
shift of the propagating optical mode. Such a graph was plotted for device MZ500 
(figure 7.9). From this graph it can be seen that the transmitted optical intensity varies 
in a sinusoidal manner with driving current. This is a consequence of the conversion 
of the phase modulation induced on the active device into intensity modulation by the 
MZ interferometer. The current required to achieve a 1t phase shift is equal to the 
difference in current between the first peak power and the first minimum power. For 
device MZ500 this value is equal to 17mA. 
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Figure 7.9- Transmitted optical power against current for device MZ500. 
The maximum modulation depth, the second category of DC performance 
characteristic can also be determined from figure 7. 9. The maximum modulation 
depth is defined as the ratio of the maximum/minimum output optical intensity when 
driving the device and is calculated using equation 6.4 on page 152. To improve 
accuracy the author repeated the above measurement six times. For device MZ500, a 
plot of maximum modulation depth against measurement number is illustrated in 
figure 7.10. A horizontal plot through the points yields the average value of the 
maximum modulation depth for this device. The average maximum modulation depth 
for device MZ500 is approximately equal to 0.50. Similarly, figures 7.11 and 7.12 
depict the transmitted optical intensity against power and maximum modulation depth 
measurements respectively for device MZ 1000. The graphs shown are similar to the 
respective graphs from device MZ500. Once more, the transmitted optical power 
varies in a sinusoidal fashion with driving current (figure 7.11). This time the current 
required to achieve a 1t phase shift is equal to 14mA. This current is 3mA smaller that 
the current required to achieve a 1t phase shift for device MZ500. The average value 
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of the maximum modulation depth for device MZ 1000 is approximately equal to 0. 63 
(figure 7.12). This figure compares with an average value of0.50 for device MZSOO. 
-o- Device MZ500 - Active length = 500pm 
0.6 
-ｾ＠
._.. 
..c: 0.5 ...... 
c. 
Cl) 
D 
c: 0.4 0 
ｾ＠
::J 
'0 0.3 0 
ｾ＠
E 
::l 0.2 E 
·x 
ｾ＠
2 0.1 
0.0 
1 2 3 4 5 6 
Measurement 
Figure 7.10 -Maximum modulation depth measurements for device MZSOO. 
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Figure 7.11 - Transmitted optical power against current for device MZ 1000. 
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Figure 7.12- Maximum modulation deQth measurements for device MZlOOO. 
The experimental results suggest that it is possible to achieve an increase in the 
maximum modulation depth of more than 20% for this device by increasing the active 
length of the device from 500JJ.m to lOOOJJ.m. Theoretically, it can be shown that the 
optical absorption of the active region of device MZ500 increases by 1.23dB, whereas 
for device MZIOOO the increase in absorption is only 1.08dB. These absorption values 
are calculated from the change in concentration of injected carriers required to obtain 
a 1t phase shift. Since device MZ500 is predicted to have a greater increase in 
absorption than device MZlOOO, it is reasonable to assume that device MZ500 will 
exhibit a smaller maximum modulation depth. Additionally, device MZlOOO requires 
a smaller current than device MZ500 to achieve a 1t phase shift. This improvement in 
driving current is possible since the concentration of injected carriers required to 
achieve a 1t phase shift for a device of interaction length IOOOJJ.m (i.e. MZlOOO) is less 
than the concentration of injected carriers required to achieve the same phase shift for 
a device with an interaction length of 500J..tm (i.e. MZ500), hence the lower current. 
The downside is that a longer device has all the disadvantages associated with a 
device of greater size, such as increased capacitance and resistance. 
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Theoretical 
The NPN devices have been modelled and from the results a plot of phase change 
against driving current for devices with active lengths of 500J..Lm and 1 OOOJ.!m is 
illustrated in figure 7.13 . Figure 7. 13 plots the phase change against current for the 
free carrier effect, thermo-optic effect and the combined phase change from both 
these effects. The combined phase change is the phase change that occurs in the 
fabricated device. The device modelled with an interaction length of 500J..Lm is 
identical to device MZ500 and the device modelled with an interaction length equal to 
1000J..Lm is identical to device MZ1000. 
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Figure 7.13 - Modelling results showing phase change versus current. 
The modelling results compare favourably with the experimental results. For instance, 
the modelling predicts a 1t phase shift for device MZ500 for a driving current of 
15mA, whereas the experimentally measured value for the same device was equal to 
17mA. Likewise, for device MZ 1000, the modelling results predict a driving current 
of 9mA for a 1t phase shift, whereas the experimentally measured value was equal to 
14mA. It is expected that small differences between the theoretical and experimental 
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results will occur. From the IV characteristics depicted in figure 7.7 (MZ1000), at 
high levels of carrier injection experimentally the device exhibited a higher resistance 
than that predicted theoretically. Since a high carrier injection level is required to 
achieve a rc phase shift this extra resistance will affect the injection capabilities of the 
diode. Consequently, not all of the applied voltage will appear across the p + intrinsic 
and n + inttinsic energy barriers, resulting in a slightly reduced efficiency in carrier 
injection. 
It can be seen from figure 7.13 that for these devices thermo-optic effect has little 
effect on the DC phase performance. For example, for the IOOOJ..Lm device for a 
current of 7rnA the phase change resulting from the free carrier effect is 
approximately 160° whereas for the same current the phase change resulting from the 
thermo-optic effect is only about 6°. Therefore the ratio between the two is about 26. 
This result is important since a large thermo-optic effect will seriously degrade device 
performance. 
7 .2.5 DC absorption measurements 
On application of a forward bias to one of these NPN devices, carriers are injected 
from the n + and p + regions into the intrinsic region of the device. An optical mode 
propagating through the waveguide containing the active device will experience a 
change in absorption proportional to the concentration of injected carriers in this 
region (equation 3.12 on page 34). Since the concentration of carriers injected into the 
guiding region increases with current, the optical absorption of the device will also 
increase. Since all devices investigated in this thesis utilise the free carrier effect for 
device operation, then they will all operate as both amplitude and phase modulators. 
In our case, ideally phase modulation should dominate absorption modulation and 
therefore it is desirable if the absorption changes are as small as possible for a large 
phase change. This is because large increases in absorption will degrade performance 
by reducing output optical power. Therefore, in the context of overall device 
performance the increase in absorption versus current measurement must be 
evaluated. A plot of change in absorption against current for devices STR500 and 
STRlOOO is illustrated in figures 7.14 and 7.15 respectively. 
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for device STRIOOO. 
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Each plot describes both the experimental and theoretical results. It can be seen from 
figures 7.14 and 7.15 that the experimental results and the theoretical results are in 
good agreement with only small differences between the respective values. 
Experimentally for a given current there is a smaller concentration of injected carriers 
in the region where the optical mode propagates than that predicted theoretically. This 
is due to the buried n + layer providing a low resistance path away from the optical 
mode for current to flow hence the resistance reduces the device carrier injection 
efficiency. Also carrier recombination in the regions of the device where the majority 
of the optical mode does not propagate will also reduce the injection efficient of 
carriers in the region where the optical mode propagates. For example, defects or 
impurities, increased surface recombination due to interface roughness and similarly 
increased recombination at the silicon/Si02 boundary due to interface roughness are 
possible reasons for this effect. Additionally, the theoretical results predict that the 
absorption change increases for a given current as the active length of the device 
increases. For example, the theoretical value of the change in absorption for a current 
of 15mA for device STR500 is approximately equal to 1.2dB, whereas the change in 
absorption for device STR1 000 for the same current is approximately equal to 1. 6dB. 
The reason why this absorption is different for devices STR500 and STRIOOO is that 
the concentration of injected carriers in the device intrinsic region varies non-linearly 
with current. We can think of device STRIOOO as consisting of two 500J..Lm devices 
positioned back to back. In this case, the current flowing through each of these 500J..Lm 
devices would equal 7.5mA. Therefore, since carriers are injected into the device 
intrinsic region more efficiency for smaller currents, the concentration of injected 
carriers in the intrinsic region of device STR1000 is greater than that of device 
STR500. Consequently, the increase in absorption for device STRIOOO is greater than 
that of device STR500 for a given current. From the experimental tests carried out by 
the author, the experimental evidence is less conclusive. For a current of 15mA, the 
device absorption increases by approximately l.OdB for both STR500 and STRIOOO. 
From the theoretical evaluation, we would expect device STRI 000 to exhibit a larger 
change in absorption than device STR500. However, likely reasons for device 
inefficiencies were stated earlier in this chapter. Since device STR1000 has an active 
length twice as long as that of device STR500, it is reasonable to assume that any 
device inefficiencies will be greater for the longer device. This is a likely explanation 
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why the differences between the theoretical and experimental results occur. Once 
more this is a promising result since the increased optical absorption with current is 
small. For device STRIOOO a current of 14mA results in an increased absorption of 
0.8dB. The initial absorption of this device with no current is 6.5dB and therefore the 
increased absorption due to a current flow of 14mA is approximately equal to 12%. 
Although the current required to achieve a 1t phase shift for device STRI 000 was not 
tested, the current for device MZ 1000 that has an identical active region to STR1 000 
is know. For this device a current of 14mA was required for a 1t phase shift. Assuming 
that STRI 000 and MZ1 000 will behave electrically identically then the increase in 
optical absorption for a 1t phase shift is only 12%. Hence phase modulation dominates 
increases in absorption. 
7 .2.6 Transient performance characteristics 
The last stage of the evaluation of the NPN devices involves characterising the 
transient performance of the device. The experimental set up used for this experiment 
is illustrated in figure 6.7 on page 147. To obtain the transient performance 
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Figure 7.16- Transient solution for device MZSOO. 
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characteristics a sine wave signal from a signal generator was applied to the device 
under investigation. The transmitted optical power from MZ interferometer was 
incident onto an InGaAs semiconductor pin detector (rise time and fall times <200ps). 
The output from the pin detector was displayed on an oscilloscope via an amplifier. 
The frequency of the signal applied to the device was increased until the 3 dB 
bandwidth of the device was determined. This test was applied to device MZSOO. The 
measured bandwidth was equal to SMHz. The transient solution for device MZSOO 
was also obtained from modelling. During the modelling, the device was forward 
biased from OV to 0.948V. This voltage step corresponds to that required to achieve a 
1t phase shift for this device. The applied voltage to the device was maintained at 
0.948V for 200ns. At this point the voltage bias was removed. A plot of phase change 
against time is illustrated in figure 7.16. From figure 7.16, the rise and fall times for 
device MZSOO can be deduced. The rise time is equal to approximately 30ns and the 
fall time is equal to approximately 8ns. Using equation 3.4, which relates the 
switching time to the bandwidth, then the bandwidth is approximately equal to SMHz 
(based on the rise time being the limiting factor). This value of bandwidth agrees with 
the value determined experimentally. 
7 .2. 7 Summa1-y 
This section has described the experimental and theoretical results from device NPN 
that was fabricated by Bookham Technology. The device characteristics that have 
been evaluated in order to provide a complete picture of device performance are IV 
characteristic, loss measurement, DC performance characteristic, modulation depth 
DC absorption measurement and transient performance characteristic. The results 
have shown that a current of 14mA is required to achieve a 1t phase shift for the NPN 
device with an interaction length of 1 OOOJ..tm. Impottantly at this current the device 
exhibits a small increase in optical absorption of only 12% and the phase change is 
not significantly affected by thermal effect (phase change due to electro-optic is 26 
times greater than that of the thermo-optic effect). Hence phase modulation is the 
most efficient means of utilising the free carrier effect for modulation of silicon. 
Additionally, the device exhibits a reasonably high modulation depth of 0.63. An 
important result from this work is that the experimental results are confirmed 
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theoretically. Because of fabrication restrictions on the design of the final fabricated 
devices (chapter 5) this device was never intended to be more efficient than some of 
the devices reported previously in the literature. For instance Tang's reported a n 
phase shift for his device of only 4mA whereas the best NPN device requires 14mA 
for a n phase shift. However, the experimental results do validate the modelling and 
therefore it can be assumed that the most promising ideas from the modelling chapter 
can be applied in future fabricated of devices to improve device performance. 
7.3 PIN DEVICES 
7.3.1 Introduction 
The purpose of this test was to experimentally verity the promising theoretical 
performance results obtained when using p +-i-n+ devices with highly doped p + and n + 
regions. For this test three devices of design PIN were fabricated at the University of 
Surrey. A cross sectional view of the fabricated device is illustrated in figure 5.5 on 
page 119. It can be seen from figure 5. 5 that the active region consists of an intrinsic 
silicon rib waveguide with a n + region and a p + region on either side of the rib and an 
n + layer above the buried oxide layer. As described earlier in chapter 5, the SlMOX 
SOl wafer that was used to fabricate these devices had a buried n+ layer above the 
oxide layer. This buried layer was not incorporated in the initial device designs and 
subsequently will degrade device performance. However, modelling of the device 
with this layer included has shown the performance enhancements due to heavily 
doped n + and p + regions although reduced, it was still worthwhile to run this test. 
Three devices were fabricated. The first device had n + and p + impurity concentrations 
equal to 9x1017cm-3, the second had n+ and p+ impurity concentrations equal to 
9xl 018cm-3 and the final device had n + and p + impurity concentrations equal to 
8xl019cm-3. It has been shown in chapter 5, that for all devices fabricated, the depth of 
then+ and p+ implant profile from the surface was approximately equal to 0.8J.tm. In 
this section the experimental and theoretical results obtained for these devices will be 
described, analysed and discussed. The device IV characteristics, propagation loss 
characteristic and DC performance characteristics have been evaluated. For discussion 
purposes, the device with impurity concentrations equal to 9x1017cm·3 will be referred 
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to as D17. Similarly, the devices with impurity concentrations equal to 9x1018cm-3 
and 8x1019cm-3 will be referred to as D18 and D19 respectively. 
7 .3.2 IV characteristics 
In this section, the theoretical and experimental IV characteristics for devices D 17, 
D 18 and D 19 will be described, discussed and analysed in both Cartesian and 
logarithmic format. The Cartesian IV characteristic is depicted in figure 7.17. From 
figure 7.17, it can be seen that the theoretical and experimental results are similar. 
However, these IV characteristics are different to those from the NPN devices. The IV 
characteristics for devices D 1 7, D 18 and D 19 and especially D 1 7 require a large 
increase in applied voltage to significantly increase current flow. In comparison for 
the NPN device a significant amount of current flows for a small applied voltage. For 
example, device NPN conducts a current of 25mA for an applied voltage of 1.3V 
whereas device D 17 the current that flows for the same applied voltage is only 2mA. 
It is as if there is a resistance associated with devices D 17, D 18 and D 19 and therefore 
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5 6 
not all of the applied voltage is dropped over the p + intrinsic and n + intrinsic energy 
barriers. There are a number of reasons why this difference occurs. Firstly, the n + 
layer that is located just above the buried oxide layer is a conductive path for current 
flow. This n+ region was a part of the starting material that was used to fabricate the 
devices and was not part of the original modelling ideas. This region has an associated 
resistance with it. Secondly the contacts to the n + and p + regions are also in contact 
with the intrinsic region. The surface areas of the p + and n + regions are SOJ...Lm x 
1 OOOJ...Lm whereas the surface area of the aluminium contact regions are 1 Qmm x 
20mm. Therefore some of the applied voltage will also appear across the intrinsic 
region. Also there is evidence to suggest that the device starting material was not of 
the highest quality. For example, after chemically etching the starting material in 
order to define the rib waveguides, a large concentration of etch pits were observed on 
the silicon surface. Additionally, the fabricated waveguide devices exhibited large 
propagation losses (described later in this chapter). These two pieces of evidence 
suggest that it is likely that the starting material was of a substandard quality. Defects 
present in the starting material will affect the characteristics of the p +-i-n+ diode. For 
example, damage/defects will result in an increased device resistance, increased 
carrier recombination and reduced injection efficiency. All of this information has 
been incorporated into the modelling and since the modelling results are similar to the 
experimental results this suggest that the reasons given are the valid. 
The logarithmic IV characteristics for devices D 19, D 18 and D 17 are depicted in 
figures 7.18, 7.19 and 7.20. All three figures (7.18, 7.19 and 7.20) show that the 
gradient and hence the ideality factor changes with voltage. This is because at low 
voltages, the concentration of injected carriers in the device intrinsic region is reduced 
and low injection conditions prevail. However at high voltages a considerable higher 
concentration of injected carriers exists in the intrinsic region and high injection 
conditions prevail. The value of the ideality factors calculated from figures 7 .18, 7.19 
and 7.20 for devices Dl9, D18 and D17 are depicted in table 7.4. The experimental 
and theoretical values of n agree well. It can be seen from table 7.4 that the ideality 
factor is greater at high voltage (section 2) than at low voltage (section 1) for each 
device. This is due to the resistance at high injection levels resulting in a deviation 
away from the ideal characteristic. 
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It can also be noted from table 7. 4 that the ideality factor for device D 1 7 is much 
greater than that of device D 19. Therefore, the resistive component for device D 17 is 
greater than that of device D 19 hence a reason why device D 17 has a smaller injection 
efficiency than D19. 
Table 7.4 - Theoretical and experimental ideality factors for devices D19. D18 and D17. 
Device Section n (Theoretical} n (Exnerimental} 
D19 1 10 15 
D19 2 28 28 
D18 1 18 14 
D18 2 27 39 
D17 1 38 50 
D17 2 61 60 
The values of n for all of the devices are much larger than those of the NPN devices. 
Typical values for the NPN devices ranged from 1 to 8 whereas for the PIN devices 
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the values of n ranged from I 0 to 61. The much increased values of n for the PIN 
devices is due to the buried n + layer and the quality of the starting material all of 
which was included in the modelling hence the modelling results are rather good. 
7 .3.3 Loss measurements 
The propagation losses have been evaluated for devices D 17, D 18 and D 19. All 
measurements were made using TE polarised light from a 1.523J.tm ReNe gas laser. 
The experimental set up is illustrated in figure 6.7 on page 147. The insertion loss was 
obtained for the devices under investigation using the end fire technique. From the 
insertion loss it is possible to obtain the device propagation loss using the equations 
described in chapter 6 on page 151. The experiment was repeated a number of times 
and on each occasion a value of the insertion loss was obtained. By repeating the 
experiment a number of times, the accuracy of the measurement is improved. The loss 
figures for devices D 17, D 18 and D 19 are depicted in table 7. 5. It can be seen from 
table 7. 5 that the propagation losses for these devices are high. Of the three devices, 
device Dl8 has the lowest propagation losses (7.54 dB/em), followed by device D17 
(15.5 dB/em) and finally device D19 (16.8 dB/em). The rib waveguides were 
fabricated by a process of chemical etching described in chapter 5 on page 122.There 
are a number of factors why the propagation losses are high. First the buried n + layer 
above the oxide layer will contribute to the propagation loss. Also as described 
earlier, evidence suggested that the device starting material was not of the highest 
quality. The quality of the starting material will affect the propagation loss of any 
waveguides formed in the material. In addition to etch pits on the silicon surface, the 
author found that it was difficult to obtain rib walls without some surface roughness 
present. This surface roughness was observed when polishing the device. Defects of 
size of the order of the wavelength of the optical mode will increase scattering losses. 
The defects will also contribute to increased absorption of the optical mode. Hence, 
the large propagation losses for the rib waveguides. For future fabrication attempts, 
the use of a high quality starting material will result in rib waveguide with lower 
propagation losses. It was possible to investigate methods of improving the 
fabrication of the rib waveguides by optimising the chemical etch process. Initial 
attempts were made to optimise the etching process. A number of test waveguides 
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were fabricated at different etching solution temperatures and with different 
concentrations of the constituent components of the etching solution. The author 
suggests investigating the possible use of different etching solutions, and further 
investigations into variations in the concentrations of the constituent components of 
the etching solution and the temperature. The quality of the starting material will 
significantly affect the propagation losses associated with the rib waveguides. 
However, optimisation of the etching process will help to further reduce the 
propagation losses of the fabricated waveguides. Comparing the propagation losses 
for devices DI7, DI8 and Dl9 with those from devices STR500 and STRIOOO it can 
see that the propagation losses for devices STR500 and STRI 000 are lower than those 
for D I7, DIS and D 19. The difference is likely to have resulted from the different 
fabtication routes but primarily from the material quality. Devices STR500 and 
STR1 000 were fabricated by Bookham Technology using a tried and tested 
fabrication routine, whereas devices D I7, D I8 and D 19 were fabricated by the author 
at the University of Surrey using a routine that was being applied for the first time. 
Therefore, it is reasonable to expect that it is highly unlikely that the devices 
fabricated by the author would meet the same high fabrication standards as the 
devices provided by Bookham Technology. 
Table 7.5- Experimental loss results for devices D17. DIS and D19. 
Device Output Power Output Power Insertion loss Propagation 
Pt(JJ.W) P2(JJ.W) (dB) loss (dB/em) 
D17 473 37.1 Il.I 15.7 
D17 110 9.22 10.8 15.2 
D17 225 17.S 11.0 15.6 
Average 10.9 15.5 
D1S 309 37.2 9.2 7.5 
DIS 73.0 9.31 9.0 7.2 
DIS 55 .1 6.11 9.5 7.9 
Average 9.2 7.5 
D19 477 31.2 Il.S 17.3 
DI9 108 7.50 11.6 16.S 
Dl9 219 15.8 11.4 16.4 
Average 11.6 16.8 
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7 .3.4 DC performance characteristic 
The following section describes the experimental and theoretical DC performance in 
terms of phase change versus current for devices D17, D18 and D19. To evaluate the 
DC performance characteristic the method used involved constructing a free space 
Mach-Zehnder (MZ) interferometer that includes the device being tested in one arm 
of the interferometer. By applying a voltage to the device, phase and amplitude 
modulation of the optical mode in the arm containing the active device occurs. The 
optical mode from the modulated beam combines with the reference beam of the 
interferometer producing a change in the interference pattern at the output. The 
applied current that was required to obtain a 1t phase shift of the interference pattern 
was then measured. This method is described in detail in section 6.3.2 on page 143 . 
Figure 7.21 is a photograph of the interference pattern obtained during testing of 
device D17. 
Figure 7.21- Interference pattern obtained during testing of device D17. 
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For device D19 a current of 35mA was required to achieve a 1t phase shift. Devices 
D 18 and D 17 required currents of 63mA and 68mA respectively to achieve a 1t phase 
shift. There is experimental evidence that devices D 17 and D 18 are significantly 
influenced by the thermo-optic effect. When testing devices D 17, D 18 and D 19, the 
author observed and recorded the direction of movement of the interference pattern 
when a voltage was applied to each device. It was noted that the interference pattern 
for device D 19 shifted in the opposite direction to the interference pattern from 
devices D 17 and D 18. The movement of the interference pattern was also observed 
and recorded as each device was cooled with liquid nitrogen vapour. For this test, no 
applied voltage was applied to the devices. From the observations, it was concluded 
that for device D 19 the interference pattern when a voltage was applied to the device 
moved in the same direction to that when the device was cooled with liquid nitrogen 
vapour. This test implies that in this case the free carrier effect is the dominant effect. 
For devices D17 and D18, the interference pattern shifted in the opposite direction, 
when a voltage was applied to the device, to the direction when the devices were 
cooled with liquid nitrogen. This implies device heating on forward bias and hence 
the therm-optic effect is the dominant effect for devices D 17 and D 18. The change in 
phase against current for devices D 17, D 18 and D 19 has been modelled and the 
results are illustrated in figure 7 .22. The graph shows the contributions to the phase 
change due to the free carrier effect, thermo-optic effect and the total phase change 
resulting from the summation of the two. It can be seen from figure 7.14 that the free 
carrier effect is greatest for device D 19, then D 18 and finally D 17. However the 
reverse occurs for the thermo-optic effect with device D 17 exhibiting the largest 
phase change with cutTent followed by device D 18 and finally D 19. Overall device 
D19 requires a current of 35mA to achieve a 1t phase shift. This figure agrees with 
that measured experimentally. The modelling results predict that for device D18 a 
phase change of approximately 120° occurs for a current of 65tnA before the thermo-
optic effect dominates the electro-optic effect. For device D 17 a phase change of 
approximately 50° for a current of 25mA before the thermo-optic dominates the 
electro-optic effect. The modelling results show that the efficiency of the device in 
terms of phase change against current improves as the doping of the device increases. 
The experimental result for device D 19 agrees with the expected result from the 
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modelling. However, there are differences between the theoretical results and the 
modelling results for devices D17 and D18. 
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Figure 7.22 - Phase change versus current for devices D19. D18 and D17. 
The main difference between the experimental results and the theoretical results is 
that theoretically greater concentration of carriers are injected into the intrinsic 
guiding region of the device than measured experimentally. The concentration of 
injected carriers can be determined from experimental results that describe the change 
in absorption with current. This graph is illustrated in figure 7.23. The increase in 
absorption results from the increased concentration of carriers in the intrinsic region, 
which attenuate the propagating optical mode. The increase in absorption is calculated 
by using equation 3.11 on page 34. However, the increased absorption with current 
for devices D 18 and D 17 is much smaller than that predicted theoretically. For 
example, from figure 7.15 for device D 17 for a current of 40mA the increase in 
absorption is approximately 0.07dB. Assuming that the absorption increase is due to 
in injected carriers in the guiding region then the concentration of electron-hole 
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injected carriers in this region is calculated to be equal to 1.2x1016cm·3. This value 
corresponds to a phase change of approximately 17°. Theoretically the phase change 
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Figure 7.23 - Change in absorption versus current for devices D 19. D 18 and D 17. 
for this current is equal to approximately 115°. A similar situation occurs for device 
D 18. Therefore, we can conclude that for the case of devices D 17 and D 18 the 
concentration of injected carriers is much less than that predicted theoretically. 
However, experimentally a large current flows through these devices although the 
concentration of carriers in the intrinsic guiding region is much smaller than predicted 
for a current of this magnitude. Hence the majority of current flow must occur away 
from where the optical mode propagates. Since the buried n + layer is a low resistance 
current path the majority of current flows through this region rather than through the 
inttinsic guiding region, hence reducing the device optical phase change with current. 
If we assume that the thermo-optic effect is the dominant effect, with is a valid 
assumption given the experimental evidence and neglect the conttibution from the 
free carrier effect then from the modelling a current of approximately 67mA is 
required to achieve a 1t phase shift. This value agrees closely with the 68mA 
measured experimentally. The reason why the thermo-optic effect is prominent is 
because a large amount of electrical power is required to drive devices D 17 and D 18. 
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This is a result of the buried n + layer, poor quality starting material and the electrode 
contact to the intrinsic region as well as the doped region. 
7.4SUMMARY 
This chapter describes the experimental results from the fabricated devices. Two sets 
of devices were analysed experimentally. The first set of devices, which had three 
doped regions (two n+ and one p+) were fabricated by Bookham Technology. These 
devices were named NPN devices. The second set of devices was fabricated at the 
University of Surrey. This set of devices had two doped regions (one n+ and one p+). 
The devices were named PIN devices. The experimental results from the NPN devices 
agree well with the theoretical results. Results were obtained from two types of the 
waveguide devices. The first type of waveguide device had the active device 
integrated in a straight SOI rib waveguide. The second type ofwaveguide device had 
the active device integrated into one arm of an SOI integrated MZ interferometer. 
Each device had an interaction length of either 500f..Lm or 1 OOOf..Lm. The devices 
integrated into straight rib waveguides were named STRSOO and STRIOOO. Device 
STR500 had an active length of 500f..Lm, whereas device STRlOOO had an active 
length of I OOOf..Lm. Both waveguide sttuctures exhibited low propagation losses. 
Device STRSOO had a propagation loss of 1.4dB/cm and device STRI 000 had a 
propagation loss of 1.8dB/cm. The devices integrated into MZ interferometer 
waveguides were named MZ500 and MZIOOO. Device MZSOO had an active length of 
SOOf..Lm, whereas device MZIOOO had an active length of lOOOJ..!m. All devices 
exhibited good IV characteristics that closely matched their theoretical characteristics. 
For device MZSOO, a maximum modulation depth of 0.50 was achieved, and the 
current required to achieve a 1t phase shift of the propagating optical mode was equal 
to 17mA. Device MZlOOO perform slightly better, with a maximum modulation depth 
of 0.63, and a current of 14mA required to achieve a 1t phase shift of the propagating 
optical mode. The measured and predicted bandwidth of device MZ500 was equal to 
SMHz. Importantly, the experimental results do validate the modelling and therefore 
it can be assumed that the most promising ideas from the modelling chapter can be 
applied in future fabricated devices to improve device performance. 
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Three devices designs were fabricated by the author and colleagues at the University 
of Surrey. The devices were fabricated using ion implantation to form the n + and p + 
regions, and were named D 19, D 18 and D 17. Each device has a different doping 
concentration of n + and p + regions. However, the waveguide structures exhibit high 
losses. For example, device D19 exhibited a propagation loss of 16.8dB/cm. For each 
device, the current that was required to achieve a 1t phase shift of the propagating 
optical mode was established. Device D 19 required a current of 3 SmA, device D 18 
required a cunent of 68mA and device D17 a current of 63mA. However, the 
evidence suggests that for device D 19 only, the free carrier effect is the dominant 
mechanism for modulation of the optical mode. Devices D 18 and D 17 operate by the 
thermo-optic effect. The starting material that was used to fabricate the devices 
included a highly doped buried n + layer. This region contributes a low resistance path 
for free carriers to the device, which acts as a conductance path and therefore 
degrades device perfonnance by reducing the concentration of injected caniers in the 
intrinsic region. Also the starting material was not of the highest quality and the 
electrode contacted with the intrinsic region as well as the n + and p + doped regions. 
Hence, devices D 17 and D 18 especially require a large amount of electrical power to 
drive the device, which is the main reason why the thermo-optic effect dominates for 
these two devices. However, it can be concluded from the concentration of injected 
carriers in the guiding regions for the devices tested that increasing the doping 
concentration of the p + and n + regions does improve the DC device performance. 
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Chapter 8 
Summary and Conclusions 
8.1 INTRODUCTION 
This chapter will initially discuss and summarise the results from the work conducted 
during this thesis followed by a section describing the contributions this work has made 
to the field of silicon based carrier injection phase n1odulators. Finally, the chapter 
concludes with the author proposing ideas for future work. 
8.2 CONCLUDING DISCUSSION 
This project has theoretically and experimentally investigated a number of designs of 
silicon based carrier injection phase modulators. Each modulator consists of an active 
p+-i-n+ diode integrated into a silicon rib waveguide structure. On forward bias of the 
device, holes are injected fi·om the p + region into the intrinsic region of the device, and 
similarly electrons are injected from the n + region into the intrinsic region of the device. 
An optical mode propagating through the p+-i-n+ structure will experience an increase 
in absorption and a corresponding phase shift, resulting fi·om the change in the 
concentration of free carriers in this region. This change in phase and absorption of the 
optical wave occurs as a result of the free carrier or plasma dispersion effect. Recently 
a significant amount of research has been conducted in this area of optoelectronics. 
Silicon based infi·ared optical devices such as phase modulators, absorption 
modulators, switches and sensors have all been proposed, fabricated and analysed. 
However, to date there has been much less work in the published literatw·e on methods 
of improving the efficiency of the basic component of these devices- the p+-i-11+ device 
structure. The main aim of this work is to investigate such methods. 
Initially a number of variations on the basic p +-i-tt diode were modelled in an attempt 
to improve the DC and transient device perfotmance characteristics. The DC device 
performance is defined as the change in refi·active index of the device for a given 
cw1·ent. The more efficient the device, the greater the change in re:fi·active index with 
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current. The transient performance was calculated in terms of device rise and fall times. 
The more efficient the device, the lower the values of device rise and fall times. It has 
been shown that it is possible to improve the DC performance of the device by a 
number of methods. The modelling suggests that devices with heavily doped n + and p + 
regions perform significantly better than those devices with shallow diffusion/implants 
and lightly doped n + and p + regions. For example, it was shown that a modulator with a 
n + region doping concentration of 1 x1 020 ctn-3 and p + doping region with a 
concentration of 1x1019cm-3 required a current of 21mA to achieve a 1t phase shift, 
whereas the same device with n + and p + doping region concentrations of lxl 019 cm-3 
and lxl018cm-3 respectively, required a driving current of 63mA to achieve a 1t phase 
shift. Hence, an order of magnitude reduction in doping concentration results in a 
three-fold increase in current. There is also a stnall improvement in the transient 
performance of 15%. The device performance is also improved by using deep doping 
profiles of constant concentration. Deep doping profiles result in an improvetuent of 
both the DC and transient device perfonnance. It has been shown that it is possible to 
ahnost half the device current by increasing the depth of the n + and p + regions from 
0.5J..Lm to 2J..Lnl. The rise and fall times are also reduced from 171ns and 28ns to 114ns 
and 24ns respectively. Additionally, constant doping profiles offer greater device 
performance than gaussian profiles. Constant doping profiles are produced by a series 
of ion implantations whereas gaussian profiles are produced by the process of 
diffusion. The disadvantage of deep heavily doped n + and p + regions is the added cost 
of fabrication and time. An additional problem when fabricating multi-micron sized 
waveguides is that the formation of the deep n + and p + regions by ion implantation 
requires a high-energy ion in1planter. Additionally, there is a limit to the maximum 
achievable concentration of the n + and p + regions. Another method of improving the 
DC performance characteristic is by etching trenches adjacent to the p + and n + regions. 
Tins method reduces the non-trivial amount of current flow in the region adjacent to 
the rib waveguide and was shown to increase device performance by up to 7 4%. A 
more efficient method of improving the transient response of the device is to reduce 
the spacing between then+ and p+ regions. The modelling results for the p+-i-n+ device 
were compared with different n + and p + spacings. Reducing the spacings :fi:om 14J..Lm 
to 6J..Lm resulted in an improved transient response of more than four-fold for the 
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device rise time and six-fold for the fall time. The disadvantage of this method is that 
an increase in the optical absorption of the device will occur. Another n1ethod of 
hnproving both the DC and transient response of the device is to scale down the size of 
the device. For example scaling a 6f.lm device to a 1 micron size device results in a 
current reduction of greater than three-fold but significantly a reduction in the device 
rise time by a factor of 24 and the fall time by a factor of 120. These are very 
significant improvements in switching times. Reducing the size of the device to sub 
micron dimensions adds new challenges in achieving efficient coupling of light into the 
waveguide. At these device dimensions, end fire and butt coupling methods are 
inefficient. Possibly, the most promising coupling method in this case is to introduce a 
gratii1g coupler. Such couplers have been developed at the University of SuiTey. 
However, the disadvantage of using a grating coupler is that the grating must be 
accurately fabricated with sub-micron dimension, thus ii1creasing the co1nplexity of the 
fabrication process. The DC device perfotmance of devices with three doped regions 
has been compared with those of a device with two doped regions. An hnprovement in 
transient performance of device can be utilised when using a device with three doped 
regions. The addition of the extra doped region allows for additional control over the 
concentration of carriers in the intrinsic region. For example, the modelling suggests 
that the device rise and fall exhibit a three tunes improvement for devices with three 
doped regions rather than two doped regions. The most efficient device with three 
doped regions has p + regions on either side of the rib and a n + region located in the rib 
itself (design PNP). The device DC performance is slightly improved, with the three 
doped regions resulting in a cUITent reduction of 17% as con1pared with a two doped 
regions device of identical dimensions and doping profiles. 
The most efficient multi-micron size device modelled in this work is a three doped 
region PNP device with heavily doped constant doping profiles with the p + doped 
regions extending fi·om the surface to the buried oxide layer. Additionally, the device 
should have isolation trenches etched adjacent to the p + doped regions. Further 
improvements in device performance are possible if the size of the device is reduced. 
However, reducing the device to the order of one micron or less results in increased 
fabrication and coupling complexities. 
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The second part of the project involved fabricating two of the most pronnsing design 
ideas from the tnodelling investigation. Initially all devices were to be fabricated at 
Bookham Technology. However, due to fabrication constraints it was not possible to 
fabricate the most promising designs particularly since only devices with gaussian 
doping profiles of specific diffusion depths and peak doping concentrations were 
allowed. Hence, it was decided to use the facilities at Bookham Technology to 
fabricate some three terminal devices with gaussian profiles and the facility at the 
University of Surrey to fabricate some devices with heavily doped constant 
concentration profiles by ion implantation. The devices fabricated by Bookham 
Technology had three doped regions, consisting of two n +regions connected together 
to fonn a common cathode and one p + region (anode). The p + and n + regions were 
produced by the process of diffusion. The active device was integrated into either a 
straight rib waveguide, or one arm of a Mach-Zehnder interferometer rib waveguide. 
Measurements of the IV characteristic, propagation loss, absorption loss, DC and 
transient performance were obtained. The IV characteristics of the devices closely 
match those obtained from the theoretical analysis. The fact that the experimental IV 
curves provide a good match with the theoretical results is evidence of the successful 
fabrication process employed by Bookham Technology. The calculated propagation 
loss obtained for both devices measured was greater than the values recorded in the 
published literature for similar waveguides. This discrepancy can be accounted for by 
increased absorption due to the inclusion of an active device. An improved DC device 
performance resulted for the device with the longer active length. For example, for 
device MZ500 (active length = 500J.tm), the current required to achieve a n phase shift 
was approximately equal to 17mA, whereas for device MZlOOO (active length = 
1 OOOJ.tm) the current required to achieve a n phase shift was approximately equal to 
13mA. The modelling suggests that a current of 14tnA is required to achieve an phase 
shift for device MZ500 and that a cunent of 9mA is required to achieve a n phase shift 
for device MZl 000. The differences between the theoretical and experimental results 
can be explained. In effect, a device contact resistance will result in a reduced voltage 
appearing across the active part of the device, hence reducing catTier injection. Device 
MZ500 exhibited a bandwidth approximately equal to 5MHz which matches the result 
obtained experimentally. This value of bandwidth confirms that these types of devices 
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could potentially be useful in the fields of optically based sensors and low bandwidth 
communications applications. One significant conclusion that can be 1nade fi·om the 
experimental and theoretical evaluation of these devices is that the experimental results 
validate the modelling. Therefore, for future work incorporating the other promising 
results from the modelling, such as constant doping profiles and isolation trenches in 
the device fabrication process and further improvements of the device performance will 
result. 
The second batch of devices were fabricated by the author and colleagues at the 
University of Surrey. Three devices were fabricated, one with p + and n + doping 
concentrations equal to 9xl017cm·3 (D17) another with p+ and n+ doping concentration 
equal to 9xl0 18cm·3 (Dl8) and the final one with p+ and n+ doping concentration equal 
to 8xl019cm·3 (Dl9). Unfortunately, the SIMOX struting material used to fabricate 
these devices contained a highly doped buried n + region just above the buried oxide 
layer. This buried n + region degrades device performance by providing a current path 
away from the guiding region. However, it is felt that it was still worthwhile to 
fabricate these devices given the benefits of using a constant high concentration doping 
profile. In each case the active device has a length of I OOOJ.Lm and was integrated into 
a straight rib waveguide. The following measurements were obtained experimentally 
for the three devices: IV charactetistics, absorption and DC performance 
characteristics. The experimental IV characteristics for the three designs match those 
produced theoretically. The currents required to achieve a 1t phase shift of the 
propagating optical mode for devices D19, Dl8 and D17 were 35mA, device, 68mA 
and 63mA respectively. These values are higher than those measured for the NPN 
devices fabricated at Bookham Tecln1ology. Additionally, theoretical and experimental 
evidence shows that only device D 19 operated primarily by the fi·ee cru-rier effect 
whereas devices D18 and D17 are dominated by thermal effects. This is because of the 
reduced injection efficiency of carriers in the intrinsic region as a result of the low 
resistance buried n + layer and this device is a larger two doped region device. This 
region contributes a low resistance path for fi·ee cruTiers in the device, which acts as a 
conductance path and therefore reduces the concentration of injected carriers in the 
intrinsic region. In addition, the struting material was not of the highest quality and the 
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electrode contacted with the intrinsic region as well as the tt and p + doped regions. 
Hence, devices D17 and D18 required a large amount of electrical power to drive the 
device and the low resistance n + region current path resulted in the domination of the 
thenno-optic effect for these two devices. However, it has been demonstrated 
theoretically and experin1entally that the thermo-optic effect does not significantly 
affect the device performance for device D 19. This is primarily due to the increased 
doping concentration of the p + and n + regions for this device. Hence, the increased 
doping concentration does improve the fi·ee carrier effect device performance. 
8.3 CONTRIBUTIONS THIS WORK HAS MADE TO THE FIELD 
This work has significantly contributed to the field of silicon based ca11'ier injection 
phase modulators. The work were specifically aimed at improving the performance 
characteristics of the active region of the device, an area of the field that relatively little 
attention has been made. The important contributions that have been made to this area 
are as follows: 
• Improved DC device performance due to constant doping concentration profiles. 
For example, devices with gaussian (Gaus20) and constant doping profiles 
(Constl) were tnodelled on page 71. Each device had identical dimensions with 
identical positioning of the p + and n + regions relative to the rib. The doping 
concentrations of the n+ and p+ regions of device Constl are 1xl020 cnf3 and 
lxl 019 cm-3 respectively and both doped regions extend to a depth of 2.5J..lm fi·om 
the silicon surface. Device Gaus20 has the same peak doping concentration for its 
n + and p + regions as those of device Const 1. The Gaussian doping profiles for 
device Gaus20 extends to a depth of approximately 2.5J.!tn fi·om the silicon surface. 
The results show that device Constl requires a current of only 8mA for a 1t phase 
shift whereas device Gaus20 requires a current of 21mA for a 1t phase shift which 
is a reduced current of 13mA or approximately 62%. However, the transient 
device performance is slightly unproved for the Gaussian device. The rise and fall 
times are 105ns and 25ns respectively for device Constl and 95ns and 23ns 
respectively for device Gaus20 that corresponds to approximately a 10% increase 
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in switchlng time. Therefore, the 10% increase in switching times for devices with 
constant rather than Gaussian doping profiles is small in comparison with the large 
62% decrease in cunent. Hence, a contribution to improving the DC device 
performance has been tnade. 
• Improved DC and transient device perfonnance due to heavily doping 
concentration profiles. 
For example, the device on page 71 with n+ and p+ region doping concentrations of 
lx1020cm-3 and lx1019cm-3 respectively requires a current of 21mA to achieve a 
1t phase shift. For a device with the same dimensions but n + and p + doping 
concentrations one order of magnitude lower a current of 63mA is required to 
achieve a 1t phase shift. Hence, the device current is reduced by 42tnA or 63%. 
Additionally, the switching times are also reduced fi.·om 11 Ons to 95ns for the rise 
time and fi·om 25ns to 22ns for the fall time. This is a reduction in rise time of 15ns 
or 14% and in fall time of 3ns or 12%. This contribution improves the device DC 
and transient performance. 
• Improved DC and transient device performance due to deep diffusion 
concentration profiles. 
For example, on page 88 devices were modelled with variations in the diffusion 
depths of the n + and p + doped regions. The diflhsion depth is measured vertically 
from the silicon surface. All other device parameters were identical. The current 
required to achieve a 1t phase shift for the device with a diffusion depth of0.5J.!rn is 
equal to 32n1A, whereas for the device with a diffusion depth of2.0J..tm the current 
for a 1t phase shift is only 17mA. This current reduction is equal to 15mA or 53%. 
Additionally, there is also a reduced device rise and fall times resulting fi·om 
increasing the diffusion depth from 0.5J.lm to 2.0J..tm. The resulting device rise 
times are reduced fi.·on1 171ns to 114ns, a decrease of 57ns or 33%, and the fall 
times from 28ns to 24ns, a decrease of 4ns or 14%. This contribution improves the 
device DC and transient perfonuance. 
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• ImP,roved transient device perfotmance due to reducing the separations of the 
doped regions 
The transient response of the device is improved by moving the n + and p + doped 
regions closer together. The spacing of then+ and p+ regions have been varied for 
the devices modelled on page 83. For example, the rise and fall times for the device 
with p + and n + doped regions separated by l4f.lm are equal to 184ns and the SOns 
respectively. For the same device but with the separation of the n + and p + regions 
decreased to 6f.lm, the rise and fall times are reduced to 39ns and 6ns respectively. 
Hence, the rise time is reduced by 145ns or 79% and the fall time by 33ns or 85%. 
The current is little affected by the change with a relatively small improvement of 
14% as the n + and p + regions are moved closer together. Therefore, a contribution 
has been tnade to improve the device transient performance. 
• Improved DC and transient device perfotmance due to incorporating an extra third 
doped region particularly of a device design with p +regions on either side of the rib 
and a n + region located in the rib. 
For example, the device with three doped regions modelled on page 95 (design 
pnp) has improved DC and transient performance characteristics compared with 
that of a two terminal device (design pin) with identical dimensions. The current 
required for a 1t phase shift is 2. 72mA for the device with three doped regions and 
3.20 for the device with two doped regions. Therefore, a reduction in current of 
15% results :fi.·om incorporating three doped regions in the device designs instead 
of two. The devices rise and fall times are reduced fi:om 69ns to 22ns and :fi.·om 
12ns to 2ns respectively. This corresponds to a reduction in rise time of 4 7ns or 
68% and a reduction in fall time of 1 Ons or 84%. This contribution improves both 
the device DC and transient perforn1ance. 
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• Improved DC and transient device performance due to etching of isolation trenches 
on either side of the doped regions to improve injection efficiency in the guiding 
region. 
On page 101, the DC and transient performance was evaluated for modulators with 
isolation trenches included at varying distances from the outer edge of the doped 
regions. By moving the positioning of the isolation trenches from 80J.lm fi.·om the 
edge of the doped to adjacent to doped regions the current required for a 1t phase 
shift was reduced fi·om 12mA to 4mA. This corresponds to a current reduction of 
8mA or 67%. Additionally, the rise times of the devices are reduced fi.·om 37ns to 
31ns, which corresponds to a 6ns reduction or 16%. The fall times are wchanged. 
This change results in an improvement in both the device DC and transient 
performance. 
• Improved DC and transient device performance due to reduced device size. 
For example, on page 91 the device rib scaled by a factor of eight hence the 
diameter of the rib is reduced fi.·om ＶＮＷｾｌｭ＠ to 0.84J.lm. This change results in the 
current required to achieve a 1t phase shift reduced from 59mA to 17mA. This 
corresponds to a current reduction of 42mA or 71%. More impressive 
improvements in the transient results are obtained. The rise time is reduced from 
172ns to 7ns (96% reduction) and the fall time from 120ns to Ins (99% reduction). 
Hence, this change improves both the device DC and transient performance. 
• Validation of the computer modelling results 
Two sets of different devices were modelled, fabricated and experimentally tested. 
This work included devices of design NPN shown on page 150. The experimental 
results for these devices agree well with the modelling results. For example, device 
MZ500 was theoretically predicted to require a current of 15mA for a 1t phase shift 
and the experimentally measured value was 1 7mA. A bandwidth of 5Mhz for this 
device was measured experimentally which matched the calculated bandwidth fi·om 
the modelling rise and fall tunes for this device. This and other similar evidence 
validate the modelling results for the experimentally measured device. Importantly, 
it means that the modelling results from chapter 4 are equally valid and if methods 
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such as etching of isolation trenches or scaling the device size has been included in 
the fabricated devices then further improvements to the device DC and transient 
performance would have occuned. 
8.4 FUTURE WORK 
For future work, the author recommends a number of possible paths that may be 
followed. The knowledge obtained could be applied to fabricate working devices such 
as optically based sensors. In the published literature a large amount of work has 
focused on producing component devices such as switches and tnodulators, but a 
smaller body of work has been attributed to integrating these devices with electronics 
to produce working applications. Future work could address this issue. Sub micron 
sized devices have been shown to exhibit excellent device performance. Future work 
could develop these devices and focus on methods of efficiently light coupling into 
these devices, by using grating couplers for example. Methods of driving the device, 
such as push-pull biasing could be investigated as could ways of novel ways of 
integrating the p+-i-n+ device structure into the rib waveguide. 
Overall the futtu-e of silicon based optoelectronic devices is protnising. Although more 
work will be required to establish silicon based optoelectronic devices as a marketable 
option to current market leaders such as Lithium Niobate optoelectronic devices, the 
foundations have been set. There are a number of advantages that can be gained :frotn 
using silicon based optoelectronic devices in areas such as communications and 
sensing. For example, in comparison with a traditional electronics based 
communications system, an optically based system has advantages such as increased 
bandwidth, immunity to electromagnetic interference and smaller size. In addition, an 
optically based sensing device has advantages over an electronics based sensor, such as 
greater sensitivity. The future looks bright, and the results from this thesis provide a 
foundation that can be built on for future work. 
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